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An Application of the Prigogine Solution Theory to 
Intrinsic Viscosities in Polyisobutylene-n-Alkane 
Systems 


P. BATAILLE and D. PATTERSON, Department of Chemistry, Université 
de Montréal, Montréal, Canada 


Synopsis 


Intrinsic viscosities have been obtained for polyisobutylene in the series of n-alkane 
solvents at —12, 24.3, and 57.9°C. Values of the x parameter have been calculated 
using [7]/[n]e = a*-4* and the Flory closed expression relating a to x (as modified by 
Stockmayer): a® — a? = 2 X 0.49 CuM'/? [(1/2) — x]. The values found by the first 
method are in excellent agreement with an approximate expression for x derived using 
the Prigogine theory of polymer solutions, viz. Rx = Ara/T + BT/ra where ra is 
the number of segments in the solvent molecule. Values of the constants A and B 
compare well with those found from heats of mixing of polyisobutylene with the same 
solvents. Values of x are also obtained using the more recently Kurata-Stockmayer- 
Roig expression for the a — x dependence although reasons are advanced for preferring 
the Flory-Stockmayer equation. Qualitative, but less good quantitative agreement is 
now found between the x values and the Prigogine theory. 


INTRODUCTION 


Polymer solution thermodynamics seems at present to be incapable of 
giving a quantitative explanation of the variation between systems of the 
free energy parameter, x:. As given by Flory,™ 


xu = zAwyri/kT (1) 


Here z is the lattice coordination number and Aw; is the interchange free 
energy associated with making a contact between a segment of polymer 
and an equal-sized solvent segment, of which there are r; per molecule. 
It would seem that the simplest systems to correlate would contain the 
same polymer with solvents taken from a homologous series such as the n- 
alkanes. The values of x: for these systems should, according to eq. (1), 
increase with 7; as the solvent molecule lengthens, Aw,2: remaining constant. 
Although there has been little comparative work of this type, the above 
prediction does not seem to be entirely valid. For instance, values of x: 
for various rubbers (butyl, natural, etc.) in the n-alkanes show? a decrease 
of x: as the n-alkane solvent is lengthened from pentane, often increasing 
again towards hexadecane. 

A similar shortcoming in accepted polymer solution thermodynamics 
has been indicated by heats of mixing of polymers with homologous series 
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of solvents.*~> In the absence of polar forces, the heats for the lower 
solvents of the series may be unexpectedly negative (exothermic), becoming 
zero or positive as the solvent molecule is lengthened. The results, how- 
ever, can be interpreted quantitatively by the Prigogine theory* of polymer 
solution thermodynamics. This theory also gives an explanation’ of the 
recently discovered’ lower critical solution temperature, above which 
phase separation takes place for many polymer-solvent systems. The 
“deformable lattice’’ model of the Prigogine theory allows it to take into 
account the difference between the very low thermal expansion of the long- 
chain polymer liquid, and that of the solvent, which may be monomeric or 
composed of short chains and which therefore has a high expansion coef- 
ficient. Typically, the solvent must undergo a contraction on mixing 
with the polymer which makes AVy negative, and which contributes an 
important negative term to ASm, and hence a positive one to AF and x. 
This positive term’ decreases as the length of the solvent molecule is in- 
creased, and hence as the thermal expansion coefficient of the solvent 
approaches that of the polymer. This behavior is thus opposite to that 
predicted by eq. (1), and the addition of the new term into eq. (1) could 
explain why x: does not show the predicted increase with 7;. We are thus 
led to examine the Prigogine expression for x1. 


THE PRIGOGINE THEORY 


Consider a mixture of solvent ra-mers and polymer rg-mers, no essential 
difference being made between the two components. (To follow Prigo- 
gine’s nomenclature we use A and B instead of 1 and 2 for solvent and 
polymer.) According to the theory the thermodynamic mixing quantities 
are rather complicated functions* of the following parameters: 


5 = epp*/eaa* — 1 (2) 
p = rps*/raa* — 1 (3) 
ca/TA = ca/TB (4) 


Here —e,;* is the minimum potential energy of interaction between seg- 
ments 7 and j, occurring at distance ry.* ca/ra — cp/rs, the difference in 
“structural factors” of the solvent and polymer depends on the difference 
in flexibilities and lengths of the two component molecules. For definite- 
ness, the cell model of Prigogine is used with the Flory approximation for 
the combinatorial entropy, i.e., z > ©, and we shall consider the special 
case when rg > ©, i.e., B is a high polymer. In the event that 6 and p 
are not too large and that the difference in polymer and solvent molecule 
flexibilities may be neglected in parameter (4), a particularly simple 
thermodynamics results with 


Rx — A(ra/T) + B(T/ra) (5) 
Rx, = A(ra/T) — B(T/ra) (6) 
Ry, = 2 — B(T/ra) (ra > 1) (7) 
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For ra = A 
Rx = A/T + (4/9)B(T) 


and similarly for «x, and y. 

The Flory definitions of these quantities have been followed, and R 
is the gas constant. To be consistent we should use the nomenclature 
xa,ka and Wa; in what follows, however, we shall drop the subscripts. 
In eqs. (5)—(7), 


A = zeaa*N[(62/8) + 9p?] 
B = 10.5k?N/zeaa* 


with N being Avogadro’s number. The list of assumptions and sim- 
plifications is rather extensive in arriving at eqs. (5)—(7), but it seems worth- 
while to test them before going on to more complicated expressions. 

It may be noted that the second terms of eqs. (5)—(7) are new with this 
theory. The dependence of the heat of mixing on ra has already been 
tested*— and so far eq. (6) has proved a good approximation. It is well 
known that experimentally determined values of y are considerably below 
1/,; eq. (7) gives a possible explanation although another important 
contribution to the discrepancy probably arises* from the use of the Flory 
approximation z—> ©. Equation (5) predicts x to have a minimum as a 
function of 7’. This is borne out by the two critical solution temperatures, 
upper and lower, found in polymer solutions. Furthermore, when a 
sufficiently large temperature range is used, a maximum in the swelling of a 
crosslinked polymer by a solvent may be observed for many systems.*:”” 

We now wish to test eq. (5) by obtaining x at a fixed temperature 
for a polymer in a homologous series of solvents, i.e., by varying ra. The 
PIB-n-alkanes systems have been chosen in view of an earlier calorimetric 
study of them and the viscometric technique for obtaining x was used 
because of its simplicity and because theoretical work!!—'* gives promise 
that more accurate values of x may now be obtained from [ny]. Three 
series of measurements were undertaken, at —12.0, 24.3, and 57.9°C., 
corresponding to the following 6-solvents for PIB: toluene,'* benzene," 
and diisobuty] ketone. '® 


EXPERIMENTAL AND RESULTS 


A fraction of Enjay Vistanex L-100 PIB was given to us by Dr. H. 
Daoust of this department and was refractionated twice. The M, was 
determined to be 2.13 X 10° in cyclohexane as solvent on the basis of 
the Mark-Houwink equation data of Krigbaum and Flory,” while a 
measurement at the 6-point in benzene gave 2.21 X 10° using [n] = KM” 
with a value of K = 10.7 X 10.-* Anaverage value was used for //,. 

The n-alkane solvents ranged from C; to Cig with the exception of Ci;. 
All were Phillips Petroleum Company ‘‘pure” grade (>99% pure) with the 
exception of Cs, which was Fisher “highest quality.”” The solvents were 
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dried before use by passing them through a silica gel column. The lower 
alkanes were also fractionally distilled, but a check on the purity by vapor 
phase chromatography showed an impurity content before distillation of 
less than ~0.2% and distillation of the higher alkanes was deemed un- 
necessary. The 6-solvents benzene and toluene were dried spectrograde 
Fisher reagents used without further purification, while the diisobutyl 
ketone obtained from Union Carbide of Canada, Ltd., was fractionally 
distilled and dried. 

A conventional Ubbelohde viscometer was used with temperature 
regulation to within 0.02°C. No kinetic energy correction was necessary, 
but an almost negligible shear correction was applied following the pro- 
cedure of Fox and Flory.'* Oxidative degradation of the polymer was 
found to occur at and above 58°C. during the preparation of the diisobutyl 
ketone solution. This was prevented by the addition of ~0.05% of phenyl 
8-naphthylamine as recommended by Fox and Flory.'* [yn] was deter- 
mined from plots of y,,/c and In n,/c versus c, six concentrations being 
used for each system. The intrinsic viscosities in the three 6-solvents were 
as follows: —12°C., 1.69 dl./g.; 24.3°C., 1.59 dl./g.; 57.9°C., 1.47 dl./g. 
The values of [7] are shown in Table | for the alkane solvents at the three 
temperatures. The precision is of the order of +0.02 dl./g., except for the 
lowest alkane in the series at each temperature, where it is +0.05 dl./g. 
The accuracy should be of the same order, and is in any case less important 
here since we are interested in a comparison of the data as the solvent is 
changed. 


TABLE I 
Intrinsic Viscosities and x Values From Eqs. (13) and (21) 
At —12.0°C. At 24.3°C. At 57.9°C. 
[n], [n), [n], 

Alkane dl./g. x(FS) x(KSR) dl./g. x(FS) x(KSR) dl./g. x(FS) x(KSR) 
Cs 3.63 0.444 0.476 3.05 0.463 0.482 
Ces 4.24 0.401 0.464 3.94 0.409 0.467 3.50 0.426 0.472 
C; 4.53 0.366 0.455 4.20 0.379 0.458 3.95 0.382 0.460 
Cs 4.56 0.348 0.449 4.40 0.347 0.450 4.11 0.354 0.453 
Cy 4.54 0.3384 0.444 4.38 0.336 0.444 4.29 0.322 0.444 
Cio 4.62 0.312 0.487 4.37 0.322 0.441 4.25 0.311 0.441 
Cy 4.51 0.308 0.435 
Cie 4.25 0.310 0.485 4.13 0.296 0.434 
Cis 4.19 0.298 0.4381 4.13 0.282 0.429 
Ci4 4.08 0.300 0.429 4.05 0.279 0.427 
Cie 3.94 0.297 0.426 3.94 0.270 0.422 
é-solvent 1.69 1.59 1.47 

DISCUSSION 


In order to evaluate the parameter x one must determine a, the expansion 
factor of the polymer coil usually defined through 


a? = ((S*)/(S*)o)'” (8) 
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where (S?) is the mean square radius of gyration and the subscript zero 
denotes the unperturbed random value. a so defined might be called as 
to distinguish it from another similar definition of a in terms of the end-to- 
end distance 


ar? = ((L*)/{L*)o)'” (9) 


The value of @ (strictly speaking ag) has been calculated from the intrinsic 
viscosities from the relation!” 


[n]/In]o = a? (10) 
which is now felt to be superior to the older a* relationship. 
The Flory Treatment 


Two closed form expressions’’'* and an approximation procedure'® 
are available for obtaining x from a, and in our opinion the question of 
which treatment is superior is still unsettled. In our case, the Flory expres- 
sion as modified by Stockmayer’® and the Ptitsyn procedure give very 
similar results which are, however, rather different from those using the 
Kurata-Stockmayer-Roig (KSR) expression. The latter treatment of the 
data is discussed below but we believe the first two treatments to be su- 
perior and we confine attention here to the well known expression’ 


a — a? = 2yM'(1/. — x) (11) 
where 
Cu = (27/22) (62/N V3) (Lo?/M)~*” (12) 


and where @, Lo, and V; are respectively, the polymer specific volume, the 
polymer mean-square end-to-end distance, and the molar volume of the 
solvent. Stockmayer!!:!* has given theoretical and experimental reasons 
for effectively reducing the value of Cu by multiplying by a factor of 
0.49, so that eq. (11) becomes 


a — a? = 0.98CuM'[(1/2) — x] (13) 


In the calculation of Cu, # at 24.3°C. was taken equal to the apparent 
specific volume” in benzene, 1.106 ml., and small corrections were applied 
to obtain the value at other temperatures using the coefficient of thermal 
expansion”! of PIB. The use of 6 = 1.094 ml. as given by Fox and Flory” 
would produce a negligible change in Cu. We have also made use of the 
expression!‘ 


(Lo?/M)~*? = ©/K (14) 
where @ is the so-called universal constant = 2.1 X 10,2! and 
K(T) = [n]o/M’” (15) 


K(25°C.) = 10.7 X 10~‘, and the values of K were found at the other 
temperatures using eq. (15). V1 was obtained for the different solvents by 
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Fig. 1. Test of Prigogine theory eq. (16): x/ra vs.1/ra?. Right-hand scale: (a,b). 
Results at 57.9°C. and —12.8°C., respectively, using Flory-Stockmayer eq. (13) for a. 
Left-hand scale: (c,d,e) Results at 24.3°C. using, respectively, Ptitsyn approximation 
eq. (25), Kurata-Stockmayer-Roig eq. (21), and Flory-Stockmayer eq. (13). 


using International Critical Tables data for densities and thermal expansion 
coefficients. From values of Cu calculated in this way and eqs. (10) and 
(13), values of x have been obtained and are shown as x(F8S) in Table I. 
It may be noted that they are considerably lower than usually encountered, 
mainly due to the multiplication of the Flory Cm by the factor 0.49. 

The values of x in Table I are compared with eq. (5) in the form 


R x/ra = (A/T) + (BT/ra?) (16) 


by plotting x/ra against 1/ra?._ For the n-alkanes the number of segments, 
ra, is chosen*® equal to (1/2)(n — 1), with n the number of chain carbons. 
This choice considers a segment of alkane to be —-CH,—CH,— and of 
PIB, —C(CH;)2—CH,—. The test of eq. (16) is shown in Figure 1, the 
straight lines being drawn to provide least mean square deviations. At 
the different temperatures, the intercepts on the x/ra axis and the slopes 
are, in that order: —12°C., 0.019, 1.17; 2.43°C., 0.019, 1.21; 58°C., 0.014, 
1.32. The straight lines show an excellent agreement with the theory which 
is no doubt partly fortuitous in view of the simplifications used in deriving 
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eqs. (5)-(7). The most important of these are probably neglecting the 
difference in flexibilities of the polyisobutylene and n-alkane chains and 
considering the segments of these two chain-molecules to be of similar size. 
It is obvious that the simple eq. (1) is incapable of expressing the results. 

According to eq. (5) the intercepts and slopes should be, respectively, 
inversely and directly proportional to 7. The above values show that the 
prediction is not rigorously fulfilled, although the intercepts and slopes do, 
respectively, decrease and increase with 7’. The average values of A and 
B are 9.9 cal./base-mole of polymer and 8.3 X 10~* cal./deg.?-base mole. 
These may be compared with values of A and B found previously from the 
heats of mixing,’ namely: 10.1 cal./base-mole and 6.0 X 10~* cal./deg.?- 
base mole. A higher value of A = 22.0 cal./base mole from these viscosity 
results was quoted previously.* This was obtained by using the Fox-Flory 
a’ relationship for [y| and without the Stockmayer correction to Cw. 
Values of A and B also compare with those found from an analysis of the 
lower critical solution temperatures, the equations of state of the pure 
alkanes and the swelling of butyl rubber in the alkanes. * 

Another point of comparison between these results and those for AH 
is of qualitative interest. It was found that AH is negative (exothermic) 
for the alkanes lower than around Cy, becoming positive at that point. 
Thus, from the Gibbs-Helmholtz equation, x should increase (solvent getting 
thermodynamically poorer) with increase of 7 below Cy and should de- 
crease above Cy. Inspection of Table I shows that this behavior is borne 
out, although the crossover point is closer to Cy or Cio than Cy. 

Some mention must be made of the consequence of using the Flory 
infinite z approximation. Keeping z finite as in the Guggenheim thermo- 
dynamics, x is given by the following expression: 


Rx = R/era + [(@ — 2)/z}? [A(ra/T) + B(T/ra)] (17) 


The slope of x/ra versus 1/r,a? thus comprises not only the new Prigogine 
term but also a contribution from the finite z. There is some evidence 
suggesting”* that an effective z exists which is rather small and even of the 
order of 3 or 4. It may be calculated however that only ~15% of the 
slope of x/ra versus 1/ra? would be contributed in this way using the 
extreme value of z = 3. 

It seems to us that the Prigogine approach merits attention in cor- 
relating parameters for different systems. More experimental work is 
needed to test the validity of eq. (5) and to assess the importance of the 
simplifications in its derivation. A particularly interesting set of systems 
would be polydimethylsiloxane with the oligomers of dimethylsiloxane as 
solvents since calorimetric work‘ shows that here the constant A is zero. 

Below we shall discuss the KSR method of obtaining x from viscosity 
data; here agreement of the calculated x values with eq. (5) is not quite as 
good. We shall give our reasons for preferring the Flory treatment, as 
modified by Stockmayer, but here again considerable experimental work is 
probably necessary before a final choice can be made. 
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The Kurata-Stockmayer-Roig Theory and the Ptitsyn Approximation 


The KSR treatment! of the polymer molecule expansion leads to the 
following relation: 


(a? — a)[1 + (1/3a2)]’? = (4/3) (18) 
with 
= (3/21)'"(BN'”/a’) (19) 


where 8 is the binary cluster integral, N + 1 is the number of polymer 
segments, and a is the effective length of a link between segments. The 
derivation is based on a continuum model of the solvent; it may be shown!® 
that a formal correspondence between eq. (11) and the continuum model 
results may be obtained by putting 


B = 2V,[(1/2) — x] (20) 


and providing one can define the number of links in the chain as the 
ratio of polymer and solvent molecular volumes. Making the corre- 
spondence, one finds: 


(a? — a)[1 + (1/3a?)]"” = 1.58 Cu(/2 — x)M” (21) 


The values of x found by use of this formula are shown as x(KSR) in Table 
I. The corresponding curve of x/ra versus 1/r,? is shown in Figure 1 for 
24.3°C., and similar curves are found for the results at — 12°C. and 57.9°C. 
Although qualitative agreement with the Prigogine theory is still found, 
quantitative agreement is less good, as evidenced by the curvature of 
x/ra versus 1/ra?. 

Both eqs. (11) and (18) represent the polymer molecule by an equivalent 
cloud of unconnected segments, in the case of eq. (18) of an ellipsoidal 
shape. This shape is based on the statistical and experimental* result that 
the principal radii of gyration of the unperturbed random coil are not in 
fact all equal but correspond to an ellipsoid with the longest semi-axis 
in the direction of the end-to-end vector. The interaction with the solvent 
is now allowed to perturb the equivalent ellipsoid, and hence to give rise to a 
value of a ~ 1. However, it is assumed that only the semi-axis in the 
direction of the end-to-end vector changes. a is defined in terms of eq. 
(9) instead of eq. (8), but in applying (18) to viscosity results through eq. 
(10), this small difference is ignored. As is well known, eqs. (11) and (13) 
were derived assuming an isotropic expansion of an equivalent sphere, so 
that the Flory-Stockmayer and the KSR treatments represent two ex- 
tremes, the former assuming a totally isotropic, and the latter a totally 
one-dimensional expansion of the polymeric coil. Streaming birefringence 
studies seem to indicate* that the expansion is not quite isotropic, but the 
anisotropy is very small, so that on this basis the Flory-Stockmayer treat- 
ment would be preferred to the KSR. 

As compared with eq. (13), the one-dimensional expansion of eq. (18) 
gives a much enhanced dependence of a on the quality of the solvent, or by 
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the same token, given a certain variation of a, the change in the calculated 
x will be much less. This effect is seen in Table I by comparing x(FS) and 
x(KSR). A comparison may be made with the Fixman rigorous series"! 
for a? in terms of powers of z. The exact series and those from eqs. (13) 
and (20) compare as follows using eq. (9) for a: 


a? = 1 + (4/3)z — 2.07 2? (exact) (22) 
a? = 1 + (4/3)z — 2.67 2? (Flory-Stockmayer) (23) 
a? = 1+ (4/3)z — 0.22 2? (KSR) (24) 


Thus, at least for small z, a would appear to increase somewhat more 
rapidly with z than given by eq. (13) but considerably less rapidly than 
given by eq. (18). Ptitsyn has suggested an approximation procedure in 
which the right hand side of eq. (11) is multiplied by a factor which is a 
function of z so as to bring the Flory and the rigorous series into corre- 
spondence up to the coefficient of z?. The factor varies very slowly with 
z, however, and for all of our results it is constant to within 2%, so that to 
this accuracy eq. (13) becomes 


a — a? = 1,12CyM'[(1/2) — x] (25) 


a is defined here in terms of eq. (9), rather than (8) as for eq. (13), but the 
difference is ignored. Equation (25) is not significantly different from eq. 
(13), a plot of x/ra at 23.4°C. is included in Figure 1, and agreement with 
the Prigogine theory is again seen to be very good. 

Presumably comparison with experiment must be the final test between 
the FS and KSR theories. Equation (18) gives better agreement than 
eq. (13) with the Wall-Erpenbeck Monte Carlo calculations of the excluded 
volume effect and is also apparently superior in a treatment of intrinsic 
viscosities of polystyrene in benzene where a is obtained using eq. (10). 
We have compared eqs. (13) and (18) in the case of PIB-cyclohexane and 
PIB-diisobutylene for [n] as a function of M (data of Krigbaum and 
Flory). For PIB-cyclohexane eq. (13) would seem to be superior with 
M > 40,000 in that (a5 — a*)/M'” is roughly constant whereas (a? — 
a)(1 + (1/3a?)]/M'” is not. Below M ~ 40,000 the situation is reversed, 
however. For PIB-diisobutylene eq. (13) again seems superior to eq. 
(20), but the results would accord better with a dependence of a on z 
between those given by the two formulae. Further evidence is provided by 
data on the PIB—benzene and polystyrene—cyclohexane systems. Daoust 
and Senez”’ plot [n]/[n]p — 1 against z as these quantities increase from 
zero, the value of both at the 6-point. Good agreement may be obtained 
with their curves using eq. (13) but eq. (18) gives an increase of a with z 
which is too steep. This corresponds to the small negative coefficient of the 
2? term in eq. (24). 

Our tentative conclusion is that for high molecular weight PIB the 
dependence of a on x is intermediate between the predictions of eqs. 
(13) and (18), but that eq. (13) is superior. We therefore believe our 
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results are represented by Figures la—c which show quantitative agree- 
ment with the Prigogine theory rather than Figure 1d where the agree- 
ment is less good. 
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Résumé 
On a obtenu les viscosités intrinseques du polyisobutyléne dans une série de solvants 
n-aleane & — 12, 24.3 et 57.9°C. Les valeurs du paramétre x ont été calculées en utili- 
sant la relation [n]/[n]e = a?.** et l’expression de Flory relative 4 a (modifiée par Stock- 
mayer): a® — a? = 2 X 0.49 CMM’? [(1/2) — x]. Les valeurs trouvées par la premiére 
méthode sont en excellent accord avec l’expression approximative dérivant de la théorie 
de Prigogine sur les solutions de polymere 4 savoir Rx = Ara/T + BT'/ra ot ra est le 
nombre de segments dans la molécule de solvant. Les valeurs des constantes A et B 


concordent bien avec celles trouvées 4 partir des chaleurs de mélange du polyisobutyléne 
dans les mémes solvants. Des valeurs de A sont également obtenues en utilisant 1’ex- 
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pression plus récente de Kurata-Stockmayer-Roig pour la dépendance de a en fonction 
de x bien que des raisons soient avancées pour préférer l’équation de Flory-Stockmayer, 
Un accord au point de vue qualitatif, moins bon au point de vue quantitatif a été a 
présent trouvé entre les valeurs de x et la théorie de Prigogine. 


Zusammenfassung 


Viskositiitszahlen wurden in der Reihe der n-Alkane als Lésungsmittel bei —12°, 
24,3° und 57,9°C fiir Polyisobutylen erhalten. Werte fiir den Parameter x wurden mit 
[n]/[nle = a*-43 und dem geschlossenen Ausdruck von Flory (in der Modifizierung von 
Stockmayer) fiir a: a’ — a? = 2 X 0,49 CuM'/*[(1/2) — x] berechnet. Die nach der 
ersten Methode erhaltenen Werte stimmen ausgezeichnet mit einer auf Grund der 
Theorie der Polymerlésungen von Prigogine abgeleiteten Naherung fiir x, namlich 
Rx = Ara/T + BT/ra iiberein, wo ra die Zahl der Segmente im Lésungsmittelmolekiil 
bedeutet. Die Werte der Konstanten A und B kénnen befriedigend mit den aus der 
Mischungswirme von Polyisobutylen mit den gleichen Lésungsmitteln abgeleiteten 
verglichen werden. Werte fiir x werden auch aus dem neueren Ausdruck von Kurata- 
Stockmayer-Roig fiir die a-x-Abhingigkeit erhalten; es wird aber gezeigt, dass die 
Gleichung von Flory-Stockmayer vorzuziehen ist. Qualitative, aber weniger gute 
quantitative Ubereinstimmung zwischen den x-Werten und der Theorie von Prigogine 
wird festgestellt. 


Received August 28, 1962 
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Stereospecific Polymerization of Vinyl Alkyl Ethers 


S. NAKANO, K. IWASAKI, and H. FUKUTANI, Central Research 
Laboratory, Mitsubishi Chemical Industries Ltd., Kawasaki-shi, Japan 


Synopsis 


Stereospecific polymerization of vinyl alkyl ether was studied; various kinds of com- 
pounds, such as metal oxides, metal halides, metal oxyhalides, metal sulfate complexes 
and organometallic compounds-Lewis acid complexes, being used at low temperature or 
room temperature. The relationship between the structures of catalysts and the stereo- 
regularities of polymers is discussed, and it is found that tetrahedral compounds which 
have one active edge are especially useful for making the stereoregular polymers at room 
temperature. Also, the shorter the length of active edge, the more suitable the catalyst 
is for stereospecific polymerization. On the basis of these experimental results, a 
mechanism of stereospecific polymerization of vinyl alkyl ether is proposed. 


INTRODUCTION 


It is well known that vinyl isobutyl ether is polymerized to an isotactic 
polymer with boron trifluoride etherate as a catalyst at very low tempera- 
ture.! 

Isotactic polyvinyl isobutyl ether is a nontacky, rubberlike polymer 
which may be useful for elastic shaped materials, but polymerization at the 
low temperatures required is not always an economical and promising 
method for commercial scale production. 

New catalysts which can give isotactic polyvinyl isobutyl ethers at room 
temperature have therefore been studied and many useful catalysts found. 

On the basis of our experiments and papers previously reported, the 
relationship between the structures of catalysts and the stereoregularities of 
polymers was discussed. 

The mechanism of stereospecific polymerization of vinyl alkyl ether was 
also studied. 


EXPERIMENTAL 


Vinyl isobutyl ether was purified by distillation and subsequent washing 
with dilute aqueous sodium hydroxide solution in order to remove impuri- 
ties, and finally distilled over metallic sodium. Polymerization was carried 
out at room temperature with n-hexane or petroleum ether as a diluent and 
various kinds of catalysts. 

After the polymerization, methanol was added to the reaction mixture 
and the polymer was filtered off and dried in vacuo. 
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The stereoregularity of the polymers thus obtained was estimated by 
means of measuremeuts of the methyl ethyl ketone (MEK)-insoluble 


portion,? infrared spectra, and x-ray diffraction. 
RESULTS 
Results are summarized in Table I. 
Table II and Figure 1 show the relationships of solubilities, infrared 


spectra, and x-ray diffraction, respectively. 
The infrared spectrum of the MEK-insoluble portion of the polyvinyl 


isobuty] ether is in accordance with that of the crystalline polymer obtained 


at very low temperature by Natta.* 


TABLE II 
Relationships of Solubilities, Infrared Spectra and X-Ray Diffraction 
Absorption in the X-Ray 
Solubility infrared, em.~! diffraction 
PViBu Soluble in MEK —_ Amorphous 
PViBu Insoluble in MEK 835 , 988, 1355 Crystalline 
PVM Soluble in cold water — Amorphous 
806 , 823 , 969 , 994 Crystalline 


PVM Insoluble in cold water 


PViBu PVM 





it j 
1000 Poo cmt ote oe ua 
Fig. 1. Infrared spectra of polyvinyl isobutyl ether (PViBu) and polyvinyl methyl ether 
(PVM). 
DISCUSSION 


Classification of Catalysts 
Catalysts were classified according to the results of our experiments, and 
according to the literature whether they can give stereospecific polymers or 


not at room temperature; these results are summarized in Table ITT. 
The catalysts were studied with vinyl isobutyl ether (ViBE) in all cases 


and vinyl methyl ether (VME) in some cases (see Table ITI). 
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TABLE III 
Classification of Catalysts 





Catalysts yielding Catalysts not yielding 
Monomer Catalysts stereospecific polymers stereospecific polymers 
used type at room temperature at room temperature 
ViBE, Metal halides or their AIF,,Cl,‘ BF;, AICl;, SnCl,, SbCl,, 
VME complexes TiCh, VCh, BF;- 
O(C2Hs), 
ViBE Metal oxyhalides CrO.Cle VOCI;, WOCh, WOCI, 
ViBE Metal oxides CrO;5 V20;, WOs:, MoOs, NiO 
ViBE, Organometallics + AIR; VCL§ 
VME Lewis acids RMgxX {+ ) VOCI,§ BR; + a 
LiR BF;-0(C.Hs)2 *' | AICI 
ZnRez / CrO.Cl. 
ViBE Organometallics + AIR; + H.SO, AIR; + H3PO, 


mineral acids : 
ViBE Metal sulfates + Fe(80,)3-nH2O 
sulfuric acid Al(SO,4)3-nH.O {+ H.SO,§ 
MgS0,:nH20 
Cro(SOx, )s : nH:2O 


Relationship between Catalyst Structure and Stereoregularity of Polymers 


In the polymerization of polar vinyl monomers, the relationship between 
polymerization catalysts and stereoregularities of polymers has not yet been 
fully established. 

We studied the relationship between the catalyst structure and the 
stereoregularity of the polymers. While it would be more desirable to dis- 
cuss this in terms of the structures of the counterions involved, but the 
structures of catalysts as studied here will serve as an approximation. 


Tetrahedral Structures of Catalysts and Stereoregularity of Polymers 


Metal oxides and metal oxyhalides of metals of group VIa of the periodic 
table, are considered to have the structures I-VI :4 


O “ 9 
-—O Cr fh Oo Lee O 0 
0 0 0 
(I) CrOs (II) MoO; (deformed) (III) WO; 
Cl Cl Cl 0 
Cl f poms Cl 
oO O oO oO Ww 
Cl Cl 
Cl Cl 1 


(VI) WO2Cl: (indefinite) 
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From structures I-VI and Table III, it is noticed that tetrahedral com- 
pounds such as CrO; and CrO.Cl, can produce a stereoregular polyvinyl 
isobutyl ether at room temperature. 


Number of Active Edges in Tetrahedral Compounds and Stereoregularity 
of Polymers ® 


Now we consider such compounds having tetrahedral structures as TiCl, 
VOC, BF3-O(C2Hs)2, and CrOsCl, (VII-X). The heavy lines in structures 
VII-X represent active edges. 


Cl Cl F Cl 
Cl A\ Cl Cl a Oo F 1D sii oO Lb, Oo 
Cl Cl F Cl 


(VII) TiCl, (VIII) VOCIs (XI) BF;0(C2Hs)2 (X) CrOzCle 


It is supposed that, among six edges of tetrahedral structure, one certain 
edge is likely to be most negative in charge and most active in a cationic 
polymerization; we call this an active edge. 

TiCl, has six equal active edges, VOC]; and BF;-O(C2Hs5)2 have three 
active edges, CrO.Cl, has only one. 

From Table III, it is noticed that CrO.Cl:, which has one active edge, can 
produce a stereoregular polymer. 

The same facts are observed in the case of metal oxides. SiO», which has 
six active edges, cannot give a stereoregular polymer, but CrO;, which has 
one active edge, can. 


0 Oo 
—O o— nif) o— 
0 O 
SiO, Crs 


According to Monsanto Chemical Co.,‘ aluminium halides of the type 
AIF,,Cl, give a stereoregular polymer at room temperature. In this case, 
it is expected that some parts of AIF,,Cl, have the structure: 


F 


Cl Cl 


F 
AlFiCl n 
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In the case of metal sulfate-sulfuric acid complexes,® the true active- 
species is probably H.SO, fixed on metal sulfates. H.SO, is tetrahedral and 
has only one active edge: 


HO OH 


O 
H,SO, 


It is very difficult to discuss the structures of catalysts which are com- 
posed of organometallic compound and Lewis acid, but, on the basis the 
structures of (CsHs5)2-TiCl,- AlEt."! and Et,AICl, the following structure is 
likely: 


F 


R F 
AIR;-BF;-0(C2Hs)2 
R F 


F 


If the above mentioned structures should be possible, it is concluded that 
only the tetrahedral compounds with one active edge can give stereoregular 
polymers. 


This conclusion is supported by experimental data of Natta,* as shown in 
Table IV. 


TABLE IV 
Relationship between Number of Active Edges and Stereoregularity of Polymers 





Number of 





Catalyst active edges Experimental results 

(C.Hs)3Al — No polymer 

(C2H5)2AI1Cl 1 Stereoregular polymer 
(CeHs)AICle lor 2 Stereoregular polymer 
AIBr; 3 or 6 Polymer, not stereoregular 
Ti(OR)s ma No polymer 

TiCl.(OR)s 1 Stereoregular polymer 
TiCl.(OCOCH;) 1 Stereoregular polymer 
CH3;TiCl; 3 Polymer, not stereoregular 
TiC 6 Polymer, not stereoregular 





From Table IV, it is also noticed that, in the cases of the polymerization 
of vinyl isobutyl ether by aluminium and titanium compounds, catalysts 
with one active edge can produce stereoregular polymers. 

In conclusion, the less the number of active edges in tetrahedral com- 
pounds, the more suitable the compound as a catalyst for stereospecific 
polymerization. 
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Length of Active Edges and Stereoregularity of Polymers 


As mentioned above, there is a regular relationship between the number 
of active edges of the catalyst and the stereoregularity of polyvinyl] isobutyl 
ether obtained. 

However, even if catalysts with the same number of active edges were 
used, stereospecific polymerization did not always take place. For example 
both BF;-O(C.H;)2 and AlCl;-O(C.Hs5)2 have three active edges: at low 
temperature the former gives a stereoregular polymer, but the latter does 
not.!! 


TABLE V 
Relationship between the Length of Active Edges and Stereoregularity of Polyvinyl 
Isobutyl Ether 











Stereoregularities 
Active edge of polymers? 
Type of Num- Length, At low Atroom  Refer- 
Group catalysts Type _ ber A.* temperature temperature ence 
A Organometallic + 0-O 1 2.37 Cryst. 7 
HSO, 
MeSO, + HeSO, 0-O 1 a84 Cryst. 8 
Organometallic + F-F 1 2.40 Cryst. Cryst. 
BF;-O(C2Hs)2 
AIF,,Cl, F-F 1 2.87? Cryst. 4 
CrO; 0-O 1 2.94 Cryst. 5 
Organometallic + Cl-Cl 1 3.31 Cryst. 6 
VC 
CrO.Cl.° Cl-Cl 1 3.53 Cryst. 
B Organometallic + Cl-Cl 1 3.56 Cryst. 12 
TiCk 
TiCl(OR)» Cl-Cl 1 3.56? Cryst. 3 
TiCl~OCOR). Cl-Cl 1 3.56? Cryst. 3 
(C2Hs)2AlCl Cl-Cl 1 3.75 Cryst. (Cryst. ) 3 
Organometallic + Cl-Cl 1 3.75 (Cryst. ) 
SnCl, 
2H; AICI, Cl-Cl lor2 ? Cryst. (Cryst. ) 3 
C BF;-O(C:Hs)e F-F 3 2.40 Cryst. Amorph. 1 
D_ AICI;-O(C2Hs)2 Cl-Cl 3 3.36 Amorph. Amorph. 
VOCI,° Cl-Cl 3 3.46 Amorph. 
CH;TiCl; Cl-Cl 3 3.55 Amorph. 3 
SiO. 0-O 6 2.61 Amorph. 
VCk Cl-Cl 6 3.31 Amorph. 
TiC Cl-Cl 6 3.56 Amorph. Amorph. 
SnClh, Cl-Ci 6 3.75 Amorph. Amorph. 13 





* These values were calculated approximately according to Wells? and Kiriyama.® 

> Here ecryst. denotes crystalline polymer which contains insoluble portions in methy] 
ethyl ketone or cold water at 25°C.; (eryst.) denotes nontacky polymer, which contains 
no MEK- or water-insoluble portion; amorph. denotes a tacky, amorphous polymer. 

¢ Even if the active edges are considered to be O-O or O-Cl, the length does not change 
significantly. 








aw 
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TABLE VI 
Relationship between the Catalyst Structure and the Stereoregularity of Polyvinyl 
Isobutyl Ether 














Structure of catalysts Stereoregularity of polymers* 
Group Number of Length of At low At room 
active edges active edges, A. temperature temperature 

A 1 <3.55 Cryst. Cryst. 

B 1 >3.55 Cryst. (Cryst. ) 

2 — Cryst. (Cryst. ) 

C 3 <3 Cryst. Amorph. 

D 3 >3 Amorph. Amorph. 

6 — Amorph. Amorph. 





® Here cryst., (eryst.), and amorph. have the same meaning as in Table V. 


In order to explain these facts, a factor other than the number of active 
edges, has to be considered, namely, the length of the active edge. 

For catalysts with the same number of active edges, the shorter the 
length of the active edge the more likely it is that stereoregular polymer will 
be obtained. 

Catalysts with different length of active edges are shown in Table V. 

In Table VI the relationships between the catalyst structure and the 
stereoregularity of polymers are summarized. 

Table VI shows the following facts. (/) Catalysts of group A give stereo- 
regular polymers not only at low temperature, but also at room tempera- 
ture. (2) Catalysts of group B give stereoregular polymers at low tempera- 
ture and give nontacky polymers which are soluble in methyl ethyl ketone 
at room temperature. (3) Catalysts of group C give stereoregular polymers 
at low temperature but not at room temperature. (4) Catalysts of group D 
give no stereoregular polymers, even at low temperature. 

These considerations are true, when catalyst compounds remain stable as 
tetrahedral structures. Therefore the stability of the catalyst in monomer 
has an important effect on the stereospecific polymerization. 


Mechanism of the Stereospecific Polymerization 


Stereoregular polymers of viny] alkyl ether have been reported previously 
by Schildknecht, but there was little discussion of the polymerization 
mechanism. 

Recently, Higashimura and co-workers" proposed a new mechanism for 
this cationic polymerization in which they explained the mechanism of the 
stereospecific polymerization of vinyl alkyl ether, assuming that the end of 
the growing polymer chain was an sp* type structure and that there was a 
repulsion between its substituents. 

Generally, in the cationic polymerization of a vinyl alkyl ether, the end of 
the growing polymer chain is considered to be as follows: 

awCH,—CH* 


OR 
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However, if it is an sp?-type structure, a vacant orbital on the terminal car- 
bon atom of the growing polymer chain is in a state of resonance with the 
lone pair on the adjacent oxygen atom. Therefore, the positive charge is 
not localized on the carbon atom of the end of the growing polymer chain, 
but is distributed on the adjacent oxygen atom as follows. 


H 


ww CH.—C8 + 
| 


Qs+ 
| 


R 
Although there is some question in estimating the Coulomb integral ay 
and exchange integral 8,, (for instance, a» = a, + 3.28, Ba = 1.46"), the 
electron density was calculated by the LCAO MO method as follows. The 
electron density on the carbon atom is about 0.25 and that on the oxygen 
atom is about 1.75; therefore, the charge on the carbon atom is about 
+0.75 and that on the oxygen atom is about +0.25. 
The combination of the end of the growing polymer with the counterion 
A~ is not of the type 
H 
| 
wCH.— ‘ie 
OR 


but is of the type 


i 
wCH.—Cét- --— 
he 
ROs+--- 

In this case, R is restricted to exist in the cis- and trans-forms owing to 
the resonance in C—O bond, and is located in the opposite plane as to the 
-CH,- group because of steric hindrance. 

Accordingly, the structure of the end of the growing polymer chain prob- 
ably exists in the form: 


H 0.75 0-25 R 
gy * Ree ook 
—H.C’ | 


Then the structure of catalysts mentioned before was considered. Ac- 
cording to the fact that stereoregularities of polyvinyl isobutyl ether depend 
on the structures, the numbers, and the length of active edges of catalysts, 
the counteranion is likely to be combined with the end of the growing poly- 
mer chain at its active edge as follows. 
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When the monomer adds, the four types of addition are possible, as 
Higashimura and co-workers" have proposed. 

(1) The monomer adds at the H-R side from the direction of the H 
substitute: 


CH, H 
A He 
C 
| H—C 
O ‘SC—OR 
. 
R H 


(2) The monomer adds at the H-R side from the direction of the R sub- 
stituent: 


CH, H 
be J H 
C | 
|H—Cy, 
O SC—H 
R OR 


(3) The monomer adds at the -CH2- side from the direction of the H sub- 
stituent: 


CH, a 


/ 
H Oo 
| 
b—al 
eo" 
RO—C x 
| R 


H 


(4) The monomer adds at the -CH:- side from the direction of the R sub- 
stituent: 


NG 
CH, H 


ee 
H C 


La 
.C—H 
H—CY O 


OR R 

Considering the steric hindrance and the mutual repulsion between sub- 
stituents, the monomer should add by type (3) addition, and as a result, 
isotactic polymer is obtained. 

The less the number of active edges and the shorter their length (because 
the length of active edge is close to that of C—O bond, 1.4 A.), the more 
stable is the counteranion. 

Accordingly, the R at the end of the growing polymer chain is fixed in the 
trans position to the -CH.- group, and isotactic polymer is likely to result 
from the above mechanism, 
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Résumé 


On a étudié 4 basse température et 4 température de chambre la polymérisation 
stéréospécifique d’éther alcoyl-vinylique en employant différentes sortes de composés 
tel que les oxydes métalliques, les halogénures mételliques, les oxyhalogénures métal- 
liques, les sulfates métalliques complexes et les complexes d’organométalliques avec les 
acides de Lewis. On a examiné le rapport entre les structures des catalyseurs et la 
stéréorégularité des polyméres et on a trouvé que les composés tétraédriques ayant une 
arréte active, étaient spécialement utiles pour faire des polyméres stéréospécifiques 4 
température de chambre. Plus la longueur de l’arréte était courte, plus cela favorissait 
le polymérisation stéréospécifique. En considérant les résultats expérimentaux men- 
tionnés ci-dessus, on a proposé un mécanisme pour la polymérisation stéréospécifique 
d’éther alcoyl-vinylique. 


Zusammenfassung 


Die stereospezifische Polymerisation von Vinylalkylithern mit verschiedenartigen 
Verbindungen wie Metalloxyden, Metallhalogeniden, Metalloxyhalogeniden, Metallsul- 
fatkomplexen und Komplexen zwischen Organometallverbindungen und Lewis-Siuren 
wurde bei niedriger Temperatur und Raumtemperatur untersucht. Die Beziehung 
zwischen Katalysatorstruktur und sterischer Regelmiissigkeit der Polymeren wurde 
diskutiert und es zeigte sich, dass tetraedrische Verbindungen mit einer aktiven Kante 
besonders wertvoll fiir die Erzeugung stereospezifischer Polymerer bei Raumtemperatur 
sind und zwar sind sie um so besser fiir stereospezifische Polymerisation geeignet je 
kleiner die Linge der aktiven Kante ist. Auf Grund der Versuchsergebnisse wurde ein 
Mechanismus fiir die stereospezifische Polymerisation von Vinylalkylithern angegeben. 
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Interpretation of the Intrinsic Viscosity of Polymers 
Undergoing Simultaneous Degradation and 
Crosslinking 


MITIO INOKUTI* and MALCOLM DOLE, Department of Chemistry, 
and Materials Research Center Northwestern University, Evanston, Illinois 


Synopsis 


An attempt is made in this paper to calculate G values for simultaneous crosslinking 
and degradation during irradiation of polymers with side chains. Equations are given 
for the change in the weight-average to number-average molecular weight ratio as a 
function of dose for the case of degradation only. It is shown that the change in the 
logarithm of this ratio with the square root of the dose goes through a broad maximum 
over a certain dose range. This result coupled with estimates of Katsuura of the effect 
of branching on the intrinsic viscosity is used to explain the relationship discovered by 
Keyser, Clegg, and Dole between the logarithm of the intrinsic viscosity and the square 
root of the dose. It is concluded that the G value for degradation must change with 
dose; in the case of poly-1-hexene, for example, it is believed that G(S) falls from an 
initial value of about 0.15 to about 0.04 at high doses. Similar conclusions result from 
an application of the equations to polypropylene, but with higher values of G(S), about 
1.1 initially and dropping about tenfold at doses above the gel point. 


I. Introduction 


From various theoretical treatments of the intrinsic viscosity, discussed 
below, the prediction has been made that under certain conditions the 
intrinsic viscosity of a polymer undergoing simultaneous crosslinking and 
degradation will first decrease with irradiation dose, reach a minimum, and 
then rapidly increase as the gel point is approached. Experimentally, this 
prediction has been verified in a number of instances. Especially pro- 
nounced in this respect is the behavior of polypropylene, both isotactic and 
atactic, whose intrinsic viscosity!? may decrease more than 50% before 
reaching the minimum. The data obtained by Cooper and Gilbert* on 
poly-1-pentene and poly-1-hexene also provide striking examples of large 
decreases in the intrinsic viscosity of irradiation before the minimum is 
reached. This viscosity decrease may be a general property of vinyl 
polymers with short side chains. If there are two side chains on alternate 
carbon atoms, as in polyisobutylene or poly(methyl methacrylate), no 

* On leave from the Department of Applied Physics, Faculty of Engineering, Uni- 
versity of Tokyo, Japan. Present address: Argonne National Laboratory, Argonne, 
Illinois. 
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POLY (I-PENTENE) 


POLY (1-HEXENE) 





-0.1 
ATACTIC -—~> 
-0.2 
-0.3 
-0.4 
10 2.0 3.0 


Fig. 1. Plot of intrinsic viscosity data according to eq. (1) for poly-1-pentene, poly-1- 
hexene, and atactic and isotactic polypropylene (reading from top to bottom). Ordinate 
values have been multiplied by 10”. 


minimum is observed, only a monotonic decrease in the intrinsic viscosity 
with dose. 

Keyser, Clegg, and Dole? showed that in the case of polypropylene the 
intrinsic viscosity could be accurately represented by the empirical expres- 
sion 


In({n]/{nJo) = Ag + (B/2)q? (1) 


where [y]o and [y] are the intrinsic viscosities at zero radiation dose and 
dose r (in electron volts/gram), respectively, A and B are empirical con- 
stants, and q is the square root of the dose. In the case of polypropylene, 
the B constant is zero, as can be seen from Figure 1, where In([7]/[n]o)/q is 
plotted as a function of y. In the case of poly-l-pentene and poly-1- 
hexene the B constant is not zero. It should be noted that Cooper and 
Gilbert’s data* for poly-1-hexene can also be expressed by the relation 


[n|/ In |o = 1 + Ayr + Apr? (2) 


In fact, it would be expected that at very low doses the intrinsic viscosity 
should change linearly with the dose. Inasmuch as 


dr/dq = 2q 
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we would also expect d[n]/dg to be zero at zero dose. There is a suggestion 
of this in the curves of Figure 1 for atactic polypropylene and for poly-1- 
hexene. Data at even lower doses than about 1 Mrad would be desirable. 

Following the general method of Dole,‘ Keyser, Clegg, and Dole? showed 
that 


d \In[n)/dqg = ad\nb/dq + dln K/dq + InM,,-da/dq 
+ 4aM,/100N4 [G(X) — G(S)/2b] q (3) 
where K and a are the constants of the empirical Mark-Houwink equation 
ln] = KM%, (4) 


It should be noted that K and a are interrelated, and that both are com- 
plicated functions of the initial molecular weight distribution and extent of 
branching. Na, is Avogadro’s number G(X) and G(S) are the G values for 
crosslinking and scission, respectively, and b is the ratio of weight-average 
to number-average molecular weights. In the note of Dole‘ it was stated 
that if the initial molecular weight distribution were random, and if the 
influence of branch points on the intrinsic viscosity were neglected, then 
contrary to the conclusions of Saito® and Inokuti,® the intrinsic viscosity 
probably would not decrease with dose provided that gelation ultimately 
occurred. This statement should have read “if the influence of branch 
points on the a constant of the Mark-Houwink equation and the change in 
K due to the variation of molecular weight distribution were neglected.” 
If the influence of branching on both the a and K constants of eq. (4) is 
neglected, then the conclusions of Saito® and Inokuti® as based on their 
model are correct. 

By differentiating eq. (1) with respect to q and comparing the result with 
eq. (3) we may assume that the A and B constants of eq. (1) can be in- 
terpreted in terms of the eqs. (5) and (6): 


A = a(d ln b/dq) + (d\n K/dg) + In M, (da/dq) (5) 
B = (4aM,,/100 Na) {G(X) — [G(S)/2b]} (6) 


Any linear variation of A with g would be incorporated into B, but the 
treatment given below neglects any such contribution to B. In eq. (5) 
d In b/dq signifies the change with the square root of the dose in the 
logarithm of b due only to degradation. For a polymer having initially 
a random molecular weight distribution, dln b/dq would be zero. However, 
most vinyl polymers have very broad weight distributions, so that d In 
b/dq is an important contribution to A and, in fact, as shown below, it 
represents the major share of A, at least at low doses. 

Inasmuch as a, K, and b are all functions of the dose, it is surprising that 
the right-hand side of eq. (5) could be set equal to the constant A. How- 
ever, as shown below, d In b/dq is roughly constant with g over about a 
10-fold dose range. The other terms of the right-hand side of the equation 
are initially smaller, but as d In b/dq decreases with dose, they grow in 
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magnitude; thus there is a partial and qualitative compensation of effects. 
As for the B constant, a decreases with dose due to branching, M,, in- 
creases, and | G(X) — [G(S)/ 2b]} probably also increases with dose. 
Thus the use of eqs. (5) and (6) depends on the possibly fortuitous com- 
pensation of different contributions to the intrinsic viscosity, and can give 
results from which only qualitative conclusions should be drawn. 

Before attempting to interpret the A and B constants of eq. (1) quanti- 
tatively, we consider theoretical calculations of the intrinsic viscosity as a 
function of the extent of crosslinking and dégradation. Degradation will 
be considered first, and then simultaneous degradation and crosslinking 
with and without consideration of the effect of branching on the intrinsic 
viscosity. 


II. Degradation 


If the vinyl polymer possesses initially a random molecular weight 
distribution, and if random degradation only occurs, then the molecular 
weight distribution remains random. In this case d In b/dr is zero, and 
the change in weight-average molecular weight accurately follows eq. (7): 


1/Mw = (1/Mwo) + [G(S)r/50 Na] (7) 


where r is the dose. Examples are the radiation-induced degradation of 
polyisobutylene,’ poly(methyl methacrylate),®’ and poly(tert-butyl meth- 
acrylate). The validity of eq. (7) depends also upon G(S) remaining 
constant with dose. 

If the initial molecular weight distribution is not random, then the 
variation of b with dose must be considered. 

Let the initial molecular size distribution be designated by m(p,0) 
defined as follows. If No is the total number of structural units, then 
Nom(p,0) is the total number of polymer molecules having degree of poly- 
merization p at zero dose. If u is the number-average degree of poly- 
merization, then m(p,0) may be represented as 


m(p,0) = [6°*?/u?T(B + 1)](p/u)®? e~ F°”™ (8) 


where 8 expresses the initial broadness of the molecular weight distribution 
through the equation 


bo = 1 + (1/8) (9) 


where bp is the value of b at zero dose. Inokuti and Katsuura” called eq. 
(8) a generalized Poisson distribution while Kotliar!! and others called it a 
Schultz-Zimm distribution. 

The distribution resulting from random scissions with scission probabil- 
ity po per monomer unit per unit dose is given by Saito’s® general expression 
eq. (10): 


m(p,r) = e~[m(p,0) + 27f,° dp'm(p’,0) 
+ 7S, dp’ Sf, p’ dp"m(p",0)| (10) 








PR 
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where 7 is the number of scissions per structural unit for dose r, or r = 
Por’. 

Now the weight-average and the number-average molecular weights at 
dose r are defined by 


M,, = M o[fo(r)/filr) | (12) 
and 
M,, = Molfilr)/folr)] (13) 
respectively, where f,(r) is the kth moment of the distribution m(p,7): 
flr) = So” p*m(p,r)dp (14) 


and M, is the molecular weight of a structural unit. Recalling the fact 
that eq. (8) as well as eq. (10) is normalized in such a way that 


f(r) = 1 (15) 
we can write the ratio of M,, to M,, as 
b = Mw/M, = fo(r)folr) (16) 
Substitution of eq. (10) into eq. (14) yields 
Solr) = fo) + 7 (17) 
for k = 0, and 
folr) = (2/7) — (2/7*) fo’ (1 — e7?") m(p,0)dp (18) 


for k = 2, respectively. The derivation of these equations requires some- 
what tedious, though elementary calculations involving changes of the 
order of integration of repeated integrals. 

Recalling that wu is the initial number-average degree of polymerization 
and that f:(0) is unity, we may write eq. (17) as 


for) =ut+r (19) 


Substituting eqs. (18) and (19) into eq. (16), we arrive at the general 
expression for b: 


b = (ut + 7) [(2/7) — (2/7?) fo” (1 — e-?") m(p,0)dp] — (20) 


For a particular case where the initial distribution m(p,0) is given by eq. 
(8), we put eq. (8) into eq.(20) and carry out the integration explicitly to 
obtain 


b = 2(1 + 2)/x {1 — 1/2 [1 — 1/0. + 2/8)*)} (21) 


where we have introduced a convenient dimensionless variable x for the dose 
defined by 


x= ur = upor 


x also represents the number of scissions per initial number-average mole- 
cule. 
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For a special case where 6 = 1, it is easily seen from eq. (21) that b 
retains the constant value 2 with dose. In other words, the distribution 
remains a Poissonlike distribution after random scission, as is well known. 
For another special case where 8 approaches infinity, the initial molecular 
size distribution, eq. (8), tends to a uniform distribution, by which we 
mean that every polymer molecule has the same degree of polymerization. 
In this limit, eq. (21) becomes 


b = [201 + 2x)/2x?] (@ — 1 + 7”) (22) 


For small doses, that is, «<< 1, we can obtain an expansion in powers of 
x by using the binomial theorem: 


b = 21 + 2)/a%{x — [1 — (1 + 2/8) ~*]} 
= 2(1 + x)/x? [rx —1+1 — B-x/B + (—8)(—B — 1)/2! (x/B)? 
+ (—6)(—8 — 1)(—6 — 2)/3! @/A* + ...)] 
= (1 + 1/6) (1 + [2@ — 1)/36] z+ ...) (23) 
The derivative db/dx, which is needed for application to eq. (3), is 


, _Ltell + (/aiti + ce 


(t + (x/e) |)? 4) 





db/dx = <4 


and, in the limit of zero dose, 
(db/dx),=9 = 2(1 + (1/8)][(8 — 1)/38] (25) 


On the other hand, we can easily prove that b approaches the value 2 
irrespective of the value of 6 for sufficiently great values of x, that is, 





0.2 04 O06 0.8 1.0 


Fig. 2. The change in molecular weight distribution with dose as calculated according to 
eqs. (21) and (24). 
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« > 1. In other words, the distribution eventually tends to become ran- 
dom. To show this, it is only necessary to expand eq. (21) in inverse 
powers of x: 


od Se Bg ee 
— x ! x l (1 + =a | 


= 2(1 + 1/x){1 — 1/2x[1 — (6/x)®(1 + B/x)~*]} 
= 2(1 + 1/x)}1 — 1/x[1 — (8/x)8(1 — B2/a + ...)]} 
= 2[1 — 1/a? + 1/2x(6/x)? + ...] (26) 


As x increases without limit, b approaches 2. The behavior of b with dose 
for the case of b initially equal to 30.4, the value* for poly-1-hexene, is 
illustrated in Figure 2, where the rapid decrease of b with dose can be seen. 
When 0 is plotted as a function of the square root of x as in Figure 2, the 
slope is approximately constant over about a tenfold range of x values. 
Actually d In b/dx'/? is more constant than db/dx'/*, and changes less than 
20% over the x value range of 0.01-0.1, as can be seen from Figure 2. 


III. Simultaneous Degradation and Crosslinking Including the 
Effect of Branching 


Very early in the history of the radiation chemistry of polymers Shultz, 
Roth, and Rathmann’? discussed the intrinsic viscosity of polymers under- 
going simultaneous crosslinking and degradation and also attempted to 
include the effect of branching. Saito® was the first to point out that the in- 
trinsic viscosity might pass through a minimum on irradiation; this conclu- 
sion was reached even without a consideration of the effect of branching. 
Saito’s condition was that \, the ratio of G(S) to G(X), must satisfy the rela- 
tion (for an initial random distribution) 


4>XA> (a+ 2)(a + 7)/6 (27) 


For a = 0.8, the value given by Kinsinger and Hughes" for polypropylene, 
it is seen that \ must lie within the rather narrow range 3.64-4.0. In his 
first paper Saito showed that, irrespective of the initial molecular weight 
distribution, gel would not form if \ were greater than 4.0. In the case 
that the intrinsic viscosity may be expressed by a series expansion with 
respect to dose, 


[n]/[mlo = 1 + Aw + Aor? +... (28) 


Saito® gave an explicit expression for A, for an initial random distribution, 
while Inokuti® extended Saito’s treatment to the case of any general 
initial distribution. The revelant integrals were evaluated by Inokuti® and 
Inokuti and Katsuura” in a number of special cases. In particular they 
considered the generalized Poisson distribution and obtained the equations 


A,(obs.)/éu = —a/(a + 2)[1 + (a + 1)/8][A — do(a)] (29) 
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Ao(a) = 
(a + 2)/a{T(28 + 3 + a)P(B + 1)/T(6 + 2 + a)F(28 + 2) — 2] (30) 


where é is the crosslinking probability or the number of crosslinks per 
structural unit per unit dose and the other symbols have been defined 
above. We make use of eqs. (29) and (30) below. Katsuura' was able to 
calculate the expected values of [n]/[n]o for a range of a and d values with 
consideration of the effect of branching. He assumed an initial random 
distribution, and derived his results for the case that the crosslinked 
molecules contained branch units of equal functionality and no rings. 
We also make use of his calculations below. In an approximately equiv- 
alent treatment, Kilb” concluded that it was possible for the intrinsic 
viscosity of a polymer to pass through a minimum on irradiation. Kilb also 
limited his treatment to polymers possessing initially a random molecular 
weight distribution. Finally, the recent work of Kotliar and co-workers" 
should be mentioned. In a paper submitted for publication, Kotliar has 
calculated by means of a Monte Carlo method the variation of b with dose 
due only to degradation for a number of initial b values. His machine 
calculations are equivalent, but not exactly equal, to eq. (21). For 
example, for b) = 11 and at the extent of degradation x = 0.5 (one scission 
for every two initial number-average molecules), Kotliar found b = 5.28, 
whereas we calculated from eq. (21) b = 4.03. 

To apply the above theories to the interpretation of the intrinsic viscosity 
of irradiated polymers. the following quantities should be known: 8, a, X, 
the A and B of eqs. (5) and (6), or the A; of eq. (2). Separate G(S) and 
G(X) values are also required, and their constancy with dose must be 
stipulated. There isnosystem for which all of these quantities are at hand; 
instead, we shall assume the correctness of the theories and use them in an 
attempt to calculate G(X) and G(S). We start first with poly-1-hexene, 
for which® we have the most complete information. 

Inasmuch as the Inokuti-Katsuura equations express A; of eq. (28) in 
terms of the dimensionless parameter éur, we write 


A; (observed) /éu = Ax (31) 
In terms of G(X), éu is defined as 
éu = G(X) Myo/100 Na (32) 
Combining eqs. (32), (31), (30), and (29) we find that 
G(X) = 100 NaAi/M,,0(8.166 — 15.411) (33) 


where we have introduced the values for 6 and a (see Table I). 

To solve eq. (33) for G(X) we have used the following procedure. First 
the experimentally observed A; [eq. (2)] was calculated from the data by 
the least squares method. Next a Charlesby-Pinner” plot of the gel data 
was made to obtain an estimate of X. In this plot of s + s”* versus 1/r, 
where s is the fraction of soluble polymer after dose r, the intercept is 
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TABLE I 
Data Used in the Calculation of G(X) and G(S) for Poly-1-hexene 








Value Source 


Experimental Values 


Mn.o 1.25 x 105 

Mw.0 3.8 X 108 

bo 30.4 

B 0.034 

a 0.8 

rg 3.64 X 10” e.v.g.-} 

At —0.371 X 10-” (e.v.g.—!)— eq. (2) 

A —0.631 X 10-" (e.v.g.-1)-"/2 eq. (1) 

B 0.537 XK 10-” (e.v.g.—!)— eq. (1) 
Derived Values 

r 2.33 eq. (29) 

G(X) 0.0645 events/100 e.v. ey. (33) 

G(X) 0.0646 events/100 e.v. eq. (36) 

G(X) 0.079 events/100 e.v. eq. (6) 

GS) 0.150 events/100 e.v. eq. (33) 

G8) 0.198 events/100 e.v. eq. (37) 

z° 0.113 eq. (22) 

b* 11.4 eq. (22) 

d In b/d2'/* 3.68 eqs. (21) and (24) 

In [npr] /[yunvr] /g —0.0347 X 10-" (e.v.g.-1)-" 


® Values of corresponding parameters at the gel point. 


equal to\/2. Such a plot is linear only in case the initial molecular weight 
distribution is random or rapidly becomes random or nearly random 
before the gel point is reached, as in the case of polypropylene.'® Never- 
theless a rough estimate of \ = 0.6 was made by extrapolating the strongly 
curved line to infinite dose. With this value of \, G(X) was found from 
eq. (33) to be equal to 1.655. To check this value, G(X) was calculated 
from the dose to the gel point, r,, in the following way. From G(X) and 
A, G(S) was found to be 0.993. The value of x of eq. (21) at the gel point 
was calculated from the equation 


x = M,G(S)r,/100N 4 (34) 


and found to be 0.75. From a graph of 6 as a function of x, as calculated 
by use of eq. (21), b was estimated to be 4.0. Next, 1/,, the value of the 
number-average molecular weight at the gel point had degradation only 
occurred, was computed from the expression 


M,, = M,0/(1 + 2) (35) 


These values of x, b, and M,, were calculated assuming degradation only. 
Thus, the assumption made by Charlesby, Saito, and others that degrada- 
tion and crosslinking act independently of each other is adopted here. 
Knowing M., and b, M.,, the corrected weight-average molecular weight 











3298 M. INOKUTI AND M. DOLE 


for use in gel calculations, was calculated. M/,, was then used in the 
equation 


G(X) = 100N,4/2M..r, (36) 


to calculate G(X). Thus we imagine the polymer first to be degraded, 
M,, decreasing from Mo to M,,, and then crosslinked. This calculation 
of G(X) yielded the value of 0.290, very far from the value 1.655 found 
above. Therefore a new value of \ was selected and the whole process 
repeated. After covering a range of \ values from 0.6 to 4, G(X) values 
as calculated from both eqs. (33) and (36) were plotted as a function of \ 
and the value of \ taken as the correct value at the point of crossing of the 
curves. 

To check on these estimates of G(X), G(S), and A, we calculated G(X) 
by still another method. Referring to eq. (6), it can be seen that G(X) 
may be calculated from the B constant, which is the slope of the straight 
lines of Figure 1, provided that G(S)/2b is negligible with respect to G(X). 
in the case of poly-1-hexene, 2b initially was equal to 60.8 and was 22.8 at 
the gel point; hence, in this case G(S)/2b may be safely neglected. For 
this calculation 7,, was used, and a value of G(X) = 0.079 was found. 
This is probably an upper limit. If the initial value of 7.0 had been used 
in the calculation, G(X) = 0.0266 would have been found. This is un- 
doubtedly a lower limit. (From the dose to the gel point assuming no 
degradation, G(X) was calculated to be 0.022.) 

G(S) may also be estimated from the A constant of eq. (1) by means of 
the following procedure. From eqs. (21) and (24) d In b/dz'/. was cal- 
culated for poly-1-hexene at different x values. As shown in Figure 2, a 
broad maximum equal to —3.68 was found. This value was then used in 
the expression 


G(S) = (100N4/M,,0)(A/a d In b/dx1/2)? (37) 


to calculate G(S). Equation (37) comes from the first term on the right- 
hand side of eq. (5) coupled with the definition of x, eq. (34). To correct 
for the neglect of the other two terms of eq. (5) we have made use of values 
of [nsrl/[nlo and [nunbrl/[n]o computed and tabulated by Katsuura."” 
Here [nz,| and [nunvr] signify calculated values of the intrinsic viscosity 
taking into consideration branching and not taking it into consideration. 
We calculated In({npr]/[nunvr])/(éur)'’” and found that the values passed 
through a broad negative maximum if \ was four or greater (see Fig. 3). 
These calculations were carried out over a range of \ values for a = 0.8. 
Inasmuch as \ for poly-1-hexene was not 4 or greater but 2.33, we estimated 
a value of In({np,]/[nunvr})/(éur)'” at the average value of the dose range 
of the data, ie., at r = 1.5 X 10” e.v.g.—! or éur = 0.02 [calculated for 
G(X) = 0.0645). Unfortunately under these conditions the branching 
factor is increasing rapidly with dose; hence the use of it as a correction to 
the A constant has a considerable element of uncertainty. However, the 
correction amounted to only about 5% of A as can be seen from the data 
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given in Table I. The corrected A was inserted into eq. (37) and G(S) 
calculated. A value equal to 0.198 was obtained. This is the same order 
of magnitude as the value 0.150 found by the different method used above. 

The value of \ equal to 2.33 required to give the indicated agreement in 
the Values of G(X) and G(S) as calculated from the different approaches is 
unexpectedly high considering the moderate dose to the gel point. The 
Charlesby-Pinner plot suggests that at infinite dose, \ would have been 
about 0.6. If these estimates are correct, then it would appear that X is 





0.1 02 05 04 05 O06 OF O8 O89 
cur 
Fig. 3. The effect of branching on the intrinsic viscosity as a function of dose expressed 
in terms of 1n [npr/nunbr] /(éur)!/2 where éur is a dimensionless parameter proportional to 
dose and to the crosslinking probability. The different curves represent different values 
of A, the G(scissions) to G(crosslinking) ratio. Curves based on calculations of Kat- 
suura.?9 


not constant with dose. At infinite dose, the polymer molecules would be 
completely crosslinked, three-dimensional structures and would undoubtedly 
have a different scission sensitivity. Cooper and Gilbert* did not give 
data for the growth with dose of trans-vinylene double bonds in poly-1l- 
hexene, but they did in the case of poly-l-pentene. They found that the 
growth was linear with dose in contrast to the observations on polyethyl- 
ene.” This suggests that crosslinking did not involve the vinylene un- 
saturation and may have been independent of the dose. Thus, we favor 
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the suggestion that \ decreased with dose due to a decrease in G(S) rather 
than to an increase in G(X). 

We cannot make an analysis of the viscosity data of poly-1-pentene 
similar to the above for poly-l-hexene because Cooper and Gilbert’ did 
not measure M,,o for poly-l-pentene. Furthermore, it is impossible to 
estimate the A; of eq. (2) because the initial decrease in the intrinsic 
viscosity is very far from being linear with dose. 

Turning now to polypropylene the initial value’ of b was probably about 
5 in the case of isotactic polypropylene. Charlesby and Pinner plots were 
accurately followed'* and yielded values of \ equal to 0.90 and 1.47 for 
atactic and isotactic polypropylene, respectively. From the data of Figure 
1 it is seen that the B constant of eq. (1) is equal to zero. Unless there is a 
fortuitous cancellation of effects, this signifies that initially, at least, 
G(X) must equal G(S)/2b as seen from eq. (6). Inasmuch as bp is equal to 
5, then G(S) must equal 10 G(X). Thus, again we are led to the conclu- 
sion that \ must decrease with increasing dose. Perhaps this is a character- 
istic of hydrocarbon polymers with side chains on every other main chain 
carbon atom. In the case of isotactic polypropylene the initial decrease 
of the intrinsic viscosity with dose is not linear with dose; hence again A; 
cannot be estimated. We are limited, therefore, to gel data and to eq. (3) 
in our attempts to estimate G(S) and G(X). 

If we assume that initially had the value 10.0, a calculation of G(S) 
by eq. (37) along with the observed A of eq. (1) as corrected for the branch- 
ing effect yielded the value 1.08. With ’ = 10, G(X) would then be 
0.108. Checking on this value of G(X) through the gel eq. (36), the value 
G(X) = 0.319 was obtained, three-fold greater than the value calculated 
from eq. (37). In the case of atactic polypropylene a similar analysis 
yielded the values 0.654 and 0.0654 for G(S) and G(X), respectively. 
However, in this case we did not have a direct measurement of the initial b, 
which may be different from 5.0. 

To conclude, we believe that the treatment of the data given in this 
paper demonstrate (1) the difficulty of estimating G(S) and G(X) from gel 
and viscosity data alone, (2) the probability that the ratio G(S)/G(X) 
changes with the dose, (3) the very great importance of knowing initial 
M,, and M,, values, and finally (4) the desirability of measuring the in- 
trinsic viscosity at doses low enough for the variation of [y] with dose to be 
linear. 


The research upon which this paper is based was supported by the Advanced Re- 
search Projects Agency of the Department of Defense through the Northwestern Uni- 
versity Materials Research Center. We are pleased to acknowledge the kindness of 
Dr. A. M. Kotliar and K. Katsuura in sending to us the results of unpublished calcula- 
tions. 
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Résumé 


Dans cette publication on essaie de calculer les valeurs de G pour un pontage et une 
dégradation simultanés lors de l’irradiation de polyméres 4 chaines latérales. On donne 
les équations de la variation du rapport du poids moléculaire moyen en nombre en fonc- 
tion de la dose dans le seul cas de la dégradation. On montre que la variation du log- 
arithme de ce rapport avec la racine carrée de la dose passe 4 travers un large maximum 
dans un certain domaine de dose. Ce résultat relié aux estimations de Katsuura con- 
cernant l’effet de la ramification sur la viscosité intrinséque est utilisé pour expliquer la 
relation trouvée par Keyser, Clegg et Dole entre le logarithme de la viscosité intrinséque 
et la racine carrée de la dose. On conclut que la valeur de G pour la dégradation doit 
changer avec la dose; dans le cas du poly(1-hexéne), par exemple, on croit que G(S) 
tombe d’une valeur initiale d’environ 0.15 jusqu’environ 0.04 aux doses élevées. On 
tire des conclusions semblables d’une application des équations au polypropyléne, mais 
avec des valeurs plus élevées de G(S), environ 1.1 initialement et descendant jusqu’a dix 
fois moins 4 des doses au-dessus du point de gélification. 


Zusammenfassung 


In der vorliegenden Arbeit wird der Versuch unternommen, G-Werte fiir gleichzeitige 
Vernetzung und Abbau wihrend der Bestrahlung von Polymeren mit Seitenketten zu 
berechnen. Gleichungen fiir die Anderung des Verhiltnisses Gewichtsmittel zu Zahlen- 
mittel des Molekulargewichts als Funktion der Dosis werden fiir den Fall des Abbaus 
allein angegeben. Es wird gezeigt, dass die Abhiingigkeit des Logarithmus dieses 
Verhiltnisses von der Wurzel aus der Dosis in einem bestimmten Dosisbereich durch ein 
breites Maximum geht. Dises Ergebnis wird zusammen mit dem von Katsuura angenom- 
menen Einfluss der Verzweigung auf die Viskosititszahl zur Erklirung der von Keyser, 
Clegg und Dole entdeckten Beziehung zwischen dem Logarithmus der Viskositétszahl 
und der Wurzel aus der Dosis herangezogen. Man kommt zu dem Schluss, dass der G- 
Wert fiir den Abbau von der Dosis abhaingen muss; im Falle des Poly-1-hexens wird z.B, 
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angenommen, dass G(S) von einem Anfangswert von etwa 0,15 auf etwa 0,04 bei hohen 
Dosen ibfallt. Ahnliche Schliisse ergeben sich bei einer Anwendung der Gleichungen 
auf Polypropylen, nur mit héheren G(S)-Werten; von anfangs 1,1 fallen sie bei Dosen 
oberhalb des Gelpunkt auf etwa ein Zehntel ab. 


Received October 1, 1962 
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Application of the Archibald Ultracentrifugal 
Method for the Study of Dilute Polymer Solutions. 
II. Examination of Two Solution Systems near the 

Flory Temperature 


HIROSHI INAGAKI, SYUJI KAWAI, and ATSUSHI NAKAZAWA, 


Institute for Chemical Research, Kyoto University, Kyoto, Japan 


Synopsis 


To test the validity of the generalized Archibald method developed previously, 
sedimentation experiments were made for two systems, polystyrene-cyclohexane and 
polymethyl methacrylate—n-butyl chloride, near the Flory temperature relevant to 
each. It was found that the slope of the resultng plot between the reciprocal of the 
apparent molecular weight M,,, (extrapolated back to zero centrifugation time) and the 
concentration tends to zero at the Flory temperature, while this slope shows positive or 
negative values, depending on whether the temperature is higher or lower than the char- 
acteristic one. Thus the present method gives just the same information for dilute 
polymer solutions as does the light scattering. A further study was carried out to 
elucidate the time-dependent nature of M,),(t), calculated at each centrifugation time, 
in terms of the thermodynamic nonideality of solution and of the fractionating action 
of the ultracentrifuge on a polydisperse solute. 


INTRODUCTION 


It is now well known that the ultracentrifugal procedure first proposed 
by Archibald! enables one to determine rapidly the weight-average molec- 
ular weight of a given polydisperse solute.?- In a previous paper* we have 
shown that the general extension of the original theory of Archibald to 
nonideal, polydisperse solutions leads to an expression which yields the 
same information as does the light-scattering plot. This theoretical ex- 
pectation has also been proved in a successful manner by making sedimen- 
tation and light-scattering measurements on the system polystyrene— 
methyl ethyl ketone. It was thus ascertained that one can apply the 
generalized Archibald method to the study of the thermodynamic behavior 
of dilute polymer solutions. 

The further investigations reported here were carried out to justify in 
detail the validity of this equation by examining two systems near the Flory 
temperature. The systems chosen in this study were polystyrene in cyclo- 
hexane and polymethyl methacrylate in n-butyl] chloride. 
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THEORETICAL 


Let us consider a rotating system at constant temperature 7’ and constant 
angular velocity w with a nonideal, incompressible solution which consists 
of single solvent (designated as component 0) and g species of solutes. It 
is assumed here that the partial specific volume of each solute component is 
independent of pressure and also of solute composition and the usual sector 
shaped cell is used for the experiment. Then the treatment of the Archi- 
bald principle for the solution system yields, on the basis of thermodynam- 
ics of irreversible processes,‘ the following equation® at any given time of 
centrifugation t: 


qg q q 
Mopp(t) = Li eMi/c -—c >, 2) MMy|By 


+=] t=1 j=1 
+ (8/M;)|c,c;/c? + higher terms ine (1) 


The above expression, of course, holds only at the ends of the column of 
solution, namely, the meniscus and the bottom, which are separated from 
the center of rotation by radial distances r; and re, respectively. The 
symbols used here are: c;and c = the concentration of solute 7 and the total 
concentration at any given position and time, respectively (expressed in 
g./ml.), M; = the molecular weight of solute 7, Bj, = the thermodynamic 
interaction parameter between two solute species 7 and j, / = the partial 
specific volume. Further, the quantity M,,,(t) has the dimension of mo- 
lecular weight and is defined by the expression 


Mapp(t) = RT(On,/Or)/wr(1 — dpo)n, 
(r = r, and re) (2) 


where R and py are the gas constant and the density of solvent, respectively, 
and n, denotes the excess refractive index, which is related to the total 
concentration c by n, = Re, provided all solutes have the same refractive 
index increment R. This approximation is quite justifiable for homologous 
polymers. 

At the limit where /,,,(¢) is extrapolated back to zero time, the apparent 
molecular weights determined from both ends of the solution column 
should converge to the same value which will be termed the apparent 
molecular weight, 1/,,,(0). Thus eq. (1) reduces to 


Mopp(0) = Mapp = Mull — MyBeo + 0(c*)] (3) 

with 
M, = 2 ME; (4) 

and 
B= > DS MMIBy + (/My)lfds/(Me)? (5) 


t=1j=1 
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where ¢ and f; are the initial concentration of the solution and the weight 
fraction of solute 7 in the initial solution, respectively. MM, gives the 
weight-average molecular weight of solute, as is expected from eq. (4), and 
it has been concluded that B has just the same physical meaning as does the 
slope of the light-scattering plot, that is to say, B = 2A’2, where A’, is the 
light-scattering second virial coefficient. If eq. (3) is rewritten in the form 


1/Mapp = 1/M, + Beo + O(c) (6) 


one can see that a plot of the reciprocal of apparent molecular weight against 
the concentration gives the value of /,, from its intercept at co = 0 and of 
B from its initial slope. Thus eq. (6) can be theoretically identified with 
that of the light-scattering method, i.e., 


Keo/%io = 1/Me + 2A 'sCo + O(c?) (7) 


where ip is the reduced scattered intensity of the solution at zero angle of 
incidence arid K is the familiar constant appearing in the theory of light 
scattering.® 

In the following part of this article we will check the validity of eq. (6) 
on the basis of the temperature dependence of the interaction parameter B. 
In addition to the above, a discussion will be given on the correlation of the 
time-dependent nature of M,,,(t) and the B value. 


EXPERIMENTAL 
Polymers and Solvents 


Styrene monomer purified by the usual procedure was thermally poly- 
merized at 160°C. until 5% conversion was achieved. The polymer thus 
obtained was fractionated by the system benzene—methanol, in six fractions. 
The fifth of these fractions designated as PS-A5 was chosen as the sample 
for this work. The intrinsic viscosity of this sample was 0.340 dl./g. in 
benzene at 30°C. 

The fractionated sample of methyl methacrylate polymer used in this 
study was kindly given us by Professor G. V. Schulz (Institut fiir physika- 
lishe Chemie der Universitat Mainz). Its intrinsic viscosity measured in 
this laboratory was 0.365 dl./g. in methyl ethyl ketone at 25°C. This 
polymer will be called PMM-M. 

Cyclohexane and n-butyl chloride were obtained in the purest grades 
commercially available. Both solvents were dried and distilled just before 
use. The polymer was dissolved in the solvent relevant to each, and the 
solution thus prepared was kept at 60°C. in a sealed vessel for two days in 
the dark. 


Ultracentrifugation 


A Phywe ultracentrifuge equipped with phase plate Schlieren optics was 
used, and a conventional 12-mm. centrifuge cell with a 4° sector-shaped 
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centerpiece was employed. Anhydrous glycerine was used as the bottom 
liquid; its use allows one to read off with higher accuracy the value of the 
refractive index gradient at the cell bottom from the Schlieren pattern.® 
The angular velocity of the rotor was automatically regulated within 
fluctuations of +0.4% at speeds lower than 10,000 rpm, while the magni- 
tude of the fluctuations was limited to less than +0.1% for speeds above 
10,000 rpm. The rotor temperature was kept to within +0.2°C. for rotor 
speed ranges higher than 15,000 rpm and within +0.1°C. for ranges lower 
than 15,000 rpm. The optical constants of the ultracentrifuge were de- 
termined by employing a synthetic boundary-forming cell developed by 
Meyerhoff.? Details of the other procedures for ultracentrifugation are 
given in previous work.’ 


Buoyancy Factor 


During the course of this work we assumed that the apparent specific 
volume 6* could be substituted for the partial specific volume 3@, since they 
differ from each other by a negligible amount, that is, the order of 10~4 
ml./g. in the concentration range from 0 to 1 g./dl. For the apparent 
specific volume of polystyrene in cyclohexane, we used a literature value of 
0.9293 at 25°C. reported by Schulz and Hoffman.* The density of cyclo- 
hexane was taken from the International Critical Table (1926). The 
densities for the system polymethyl methacrylate—n-butyl chloride and 
that for the solvent, itself, were measured in this laboratory at 37.0°C., a 
25-ml. pycnometer being used in the concentration range 0.2-1.0 g./dl. 
The values thus determined were 0.856 for the apparent specific volume and 
0.8661, for the density of the solvent. The value of (é*)7 at any given 
temperature was calculated® according to eqs. (8) and (9) for polystyrene 
and polymethyl methacrylate, respectively. 


In (3*)7 = In (8*)o5 + 5.0 K 10-4(7' — 25) (8) 
and 

In (6*)7 = In (8*)37 + 4.7 XK 10-4(T — 37) (9) 
In Table I are listed the values of 3*, pp and the buoyancy factor (1 — dpo) 


at each measuring temperature. 


TABLE I 
Buoyancy Factors for Two Systems Studied 











System Temp., °C. o* po 1 — dpo 
PS-A5 30.0 0.935 0.7696 0.281 
in 34.4 0.939 0.7655 0.281 
cyclohexane 40.0 0.946 0.7602 0.281 
PMM-M 30.0 0.806 0.8742 0.296 
in 35.08 0.810 0.8684 0.297 
butyl 40.0 0.815 0.8625 0.297 


chloride 








ARCHIBALD ULTRACENTRIFUGAL METHOD. II 3307 


Evaluation of M.,,,,(€) 


It is generally a difficult problem to read off the refractive index gradient 
values at both ends of the solution column directly from the photographic 
records, and this difficulty leads to an ambiguous evaluation of M,))(t). 
However, we have found that this difficulty can be minimized to a certain 
extent, if one chooses the rotor speed appropriately, depending on the initial 
concentration of the given solution, and we have used an empirical pro- 
cedure developed previously* to find the value of (On,/Or) at 7; and ’e. 
This procedure is to calculate the logarithm of a quantity [1/rn,(r) ]- 
[0n,(r)/Or] as a function of the radial distance r and then to extrapolate 
the resulting plot to r = r; or 72. The values of M,,»)(t) reported in the 
present article were obtained in this way. 


RESULTS AND DISCUSSION 
Intercept of Sedimentation Plot 


Plotted in Figure 1 are values of 1/M,,»», obtained at the three temper- 
atures, against initial concentration cy for PS-A5 in cyclohexane, and for the 
purpose of being able to compare this system to one having a good solvent, 
similar plots are shown here for the same sample in methyl ethyl ketone. 
Figure 2 shows also the sedimentation plots for PMM-M in n-butyl] chlo- 
ride. Numerical values corresponding to these figures are recorded in 
Table II. From both figures it is seen that the plots for the various tem- 


TABLE II 
Apparent Molecular Weight M,,, as a Function of Initial Concentration co at Different 








Temperatures 
PS-A5 in cyclohexane* PMM-M in n-butyl] chloride» 
Rotor Rotor 
Temp., Mapp speed, Temp., Mapp speed, 
*. Co, g./dl. < 1078 rpm a. co, g./dl. xX 10-4 rpm 
40 0.983 5.20 11,050 40 1.115 12.0 16,581 
- 0.692 5.80 13 ,586 - 0.813 12.1 11.670 
0.384 6.35 17 ,050 _ 0.490 12.8 11,686 
- 0.296 6.60 18,017 io 0.208 12.9 15,625 
“< 0.202 6.80 18,137 
34.4 0.990 7.00 10,023 35 1.122 13.4 9,413 
o 0.496 6.80 12,576 s 0.818 13.4 11,457 
= 0.387 6.95 16 ,002 _ 0.493 13.3 14,468 
a 0.298 7.00 17,775 os 0.233 13.2 18 ,405 
0.203 7.00 16,299 
30 0.997 8.52 8,698 30 1.130 14.8 9,346 
sg 0.693 7.65 11,418 bi 0.824 14.6 9,476 
ri 0.500 7.40 13,177 o 0.719 14.5 10,097 
* 0.389 7.20 16,784 ¥ 0.496 14.2 13 ,550 
“i 0.204 7.10 15,620 “ 0.225 13.8 13,538 


a M,, of PS-A5: 6.90 K 10° at co = 0. 
b M, of PMM-M: 1.32 X 104 atc = 0. 
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UMappX10* 





“0 02 04 06 08 10 1.2 16 
C.(Z/dl,) 





Fig. 1. Plots of ( ) 1/Mapp V8. co for PS-A5 in cyclohexane at three different tem- 
peratures; (- -) initial tangents of curves observed at 40 and 30°C. The upper curve 
indicates the same plots for PS-A5 in butanone. 


peratures may give the same intercept at the limit of zero concentration, 
in accordance with the theoretical requirement made in eq. (6). The 
values of molecular weight 1, thus evaluated are 6.9 X 10‘ for PS-A5 and 
13.2 X 10* for PMM-M. The former value is in good agreement with 
6.3 X 104 calculated by using the value of intrinsic viscosity [y] measured 
in benzene at 30°C. and the equation [yn] = 0.97 X 10-‘M°"4 established 
by Ewart.® The latter also agrees quite well with that obtained by inter- 
polating the relationship between [ny] and M, published by Schulz and 
Kirste for the same system at 40°C. 





“0 a2 04 06 08 1.0 12 14 
C. (GAN) 


Fig. 2. Plots of (——) 1/Maypp vs. co for PMM-M in n-butyl chloride at three different 
temperatures; (- -) initial tangents of curves observed at 40 and 30°C. 
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Temperature Dependence of B 


Figure 1 indicates that, with decreasing temperature, the slope of the 
plots first decreases, then passes through a minimum position and then 
shows a reversal in its sign. This change takes just the same course as does 
the light-scattering plot for the same systems studied here. Especially it 
must be noted that the temperature at which the B value tends to zero 
coincides with that observed by means of light scattering; it has been 
demonstrated that the light-scattering second virial coefficient vanishes 
around 34°C. (307°K.) for the system polystyrene—cyclohexane!'—!* and 
also around 35°C. (308°K.) for the system polymethyl methacrylate—n- 
butyl chloride.'*!4 Such a characteristic temperature of the system may, 
therefore, be identified with the Flory 6 temperature. 

Now it is very important to compare quantitatively the values of B 
obtained by the present method with those by light-scattering measure- 
ment. Direct comparison is, however, impossible because of the lack of 
corresponding data, and, therefore, the present result will be discussed here 
on the basis of the theory developed recently by Kurata and Yamakawa." 
According to the theory, the expression for the second virial coefficient near 
the 6 temperature is given by a series expansion, i.e., 


As = A,*[1 — (0/T)]{1 — 2.865y[1 — (6/T)] 
+ 18.51y?(1 — (0/T)]*-...} (10) 


with 
Ay? = (24/3)N ab? (11) 
y = (6/1)"!"(bo/ao)*(Mw)*? (12) 
a = a/(Mo)'”? (13) 


bo => b/(M,)2/8 


In these equations a, b, and M,) are, respectively, the length, the diameter, 
and the molecular weight of a chain segment assumed for a flexible linear 
macromolecule, and N4 is Avogadro’s number. Simple rearrangement of 
eq. (10) yields 


A2®(1 — (0/T)] = A2® — 2.865y7A,°(1 — (0/T)] +... (14) 


In eq. (14) one may see that a plot of the term in the left side against [1 — 
(0/T)] allows calculation of the molecular parameters ap and bo from its 
intercept and its slope at 7 = @ and with aid of eqs. (11), (12), and (13). 

The data for B, summarized in Table III, were analyzed according to the 
procedure described above. The molecular parameters thus calculated are 
listed in Table IV. From Table IV it is seen that the molecular parameters 
a and by deduced from the present results stand in fairly good agreement 
with those from other ones obtained by the light-scattering method and 
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those of generalized sedimentation equilibrium.'® The slight discrepancy 
found here may first be attributed to the fact that the anomalous curvature 
appearing in the sedimentation plot prevents the exact reading off of the 


TABLE III 
Interaction Parameter B as a Function of Temperature 





Sample Temp., °C. (B/2) X 104, c.g.s. 





PS-A5 40.0 +0.575 
34.4 0 
30.0 —0.700 

PMM-M 40.0 +0.250 
35.0 —0.035 
30.0 —0.325 


TABLE IV 
Comparison of Molecular Parameters for Polystyrene—-cyclohexane and Polymethy] 
Methacrylate—n-Buty] Chloride 


ao bo A, 
X10, xX 10,. K 105 
Polymer 0, °K. em. cm. C.g.8. Reference 


307.4 31 1.04 1.41 11 
308.4 wd2 1.18 1.82 12 
310.4 .03 1.09 1.63 16 
307.4 ; 1.35 3.10 13 
308.0 24 1.56 4.10 This work 
304.9~ 

308.5 .37* 0.948 1.07 10 
308.5 .96 1.11 1.75 This work 


Polystyrene 


o-_ 
IN 


1 
0 
84 
69 


* § 


Polymethyl 
methacrylate 


aaa Bs 
eS 
© 


=. 


* The values are averaged over in the range of molecular weight given in the table. 


magnitude of its slope and is also due to technical difficulties in the experi- 
ment near the 6 temperature. We believe, however, that this result does 
not mean the lack of consistency between eqs. (6) and (7) but rather con- 
firms that consistency, at least from the qualitative stand point of view. 


Anomalous Behavior in Sedimentation Plots 


As may be seen in Figures 1 and 2, the sedimentation plots for both sys- 
tems exhibit strong upward or downward curvatures; the former curvatures 
are observed at temperatures higher than © and the latter at lower tem- 
peratures. Such an anomalous deviation from the linearity might be 
characteristic of the sedimentation plot, as has been demonstrated by 
Kegels et al. for the system polyvinyl chloride (7, = 4.8 X 10*)-tetra- 
hydrofuran? and by Fujita et al. for the system polystyrene (M, = 14.3 
X 10‘ and 47.6 X 10*)—-methyl ethyl ketone.* However it has never been 
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observed for light-scattering measurements on the same systems and in the 
same concentration range as we studied here. 

With regard to factors causing this anomaly, we should like to make the 
following three remarks: (/) the rotor speed may not be related to the 
observed curvature, differing from the case of sedimentation equilibrium 
method;!” (2) the upward curvature becomes more marked with increasing 
molecular weight and/or with affinity of the solvent for the polymer, and 
(3) its disappearance at the Flory temperature occurs over a somewhat 
wide range of concentration. The last two remarks may suggest that the 
coefficient for co? in the expansion of eq. (1) depends not only on the thermo- 
dynamic factors, such as the second and third virial coefficients, but also 
on a hydrodynamic interference between the macromolecules correlated to 
the molecular weight. Iurther study on this problem is now in progress in 
our laboratory. 


Time-Dependent Nature of M,,,,(é) 


By way of example, Figures 3a—3c show plots of M,»)(t) against time for 
PS-A5 in cyclohexane at three temperatures and Figures 3d-f plots for 
PMM-M in n-butyl chloride. In Figures 3a and 3d one may see that 
M.»p(t) tends to increase with time at the meniscus and to decrease with 
time at the bottom. This is in accordance with the observation in our 
preliminary experiment on the system polystyrene—methyl ethyl ketone.’ 
Here it must be noted that this trend is usually observed in the case where 
the second virial coefficient for the system is positive. On the other hand, 
lowering of the measuring temperature below the © point results, not in- 
frequently, in a reversal of the trend of these plots, as is shown in Figures 
3c and f. The findings obtained above suggest that the variation of 
Mpp(t) with time may be related closely to the thermodynamic nonideality 
of the system, that is to say, to the magnitude of the second virial coeffi- 
cient, as was pointed out in the previous work.* 

Let us consider a two-component system, which will be sufficient to 
discuss the influence of the thermodynamic effect. Equation (3) then 
reduces to 


Mapp(t) = M — M?([By + (3/M) |e + higher terms in c (15) 
where c refers to the concentration of the solution at either meniscus or 
bottom, say, Cm or Cp, respectively. As sedimentation proceeds, both 
concentrations will vary with time in a following manner: 


Cn = > Acm (16) 


and 


Ch = Co + Ach 
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where Ac, and Acy always take positive values. Putting eq. (16) into eq. 
(15), we find 


Mapp(t) = Mapp + M?B’ Bem + ... (17) 





t (min) 





0 20 40 60 80 
t(min.) 


Fig. 3. Time dependence of Mapp (¢) for (O) meniscus m and (@) bottom b: (a) initial 
concentration co = 0.202 g./dl., rotor speed = 18,137 rpm, temperature 7’ = 40.0°C.; 
(b) co = 0.203 g./dl., 16,299 rpm, 7’ = 34.4°C.; (c) co = 0.204 g./dl., 15,620 rpm, 7’ = 
30.0°C.; (d) co = 0.813 g./dl., 11,686 rpm, 7’ = 40°C.; (e) c = 0.818 g./dl., 11,457 
rpm, 7 = 35°C.; (f) cy = 0.824 g./dl., 9,476 rpm, 7’ = 30°C. 
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for the meniscus and 
Mapp(t) = Mapp — M?B’Ay + ... (18) 
for the bottom, where 
B’ = By + (6/M) 


From eqs. (17) and (18) it follows that, because Ac,, and Ac, are both 
increasing functions of time, the value of M,),(t) at the meniscus either 
increases or decreases with time and decreases or increases at the bottom, 
depending on whether B’ is positive or negative. If this explanation were 
perfectly true, no time dependence of M,»,(t) should be observed at the 0 
point, where B’ will vanish. Differing from the prediction, the value of 
M,pp(t) is not independent of time at the © point, although the variation 
sometimes diminishes to a great extent (see Figs. 3b and 3e). A definite 
conclusion for the cause of this trend, however, has not yet been drawn, due 
to technical difficulties in the sedimentation experiment near the 0 point, 
where the solution property is very sensitive to the fluctuation in temper- 
ature. 

The fact that the time dependence of M,,,(t) does not simply obey the 
theory may, however, be attributed to the fractionation effect’ which is 
produced by centrifugation of a polydisperse system. Because of this 
effect, the value of M,,,(t) calculated for the bottom should increase with 
time, while that for the meniscus should decrease, showing the exact inverse 
of the nonideality effect. This effect, in turn, is closely related to at least 
three factors, such as the rotor speed, the concentration, and the poly- 
molecularity of the solute species. Thus one may expect that the result of 
this effect upon M,,,(t) will differ for different sedimentation runs, even 
in a given series of experiments. We believe that such a trend cannot be 
interpreted simply in terms of the thermodynamic nonideality due to the 
intervention of the fractionation effect. 

A simplification of this problem may be made by separating the frac- 
tionation effect from the total effect. This is done by examining solutions 
of a well-defined, homogeneous polymeric substance. In fact, observations 
by other authors of protein substances have shown no time dependence of 
Ma p(t) at the isoelectric point,®'* where the mutual interaction between 
solute molecules disappears. Further study along this line has been made 
in this laboratory by using isoelectric solutions of bovine serum albumin at 
various temperatures, such temperature variations causing changes in the 
value of B’. The preliminary result indicated that the change in the slope 
of the plot approximately parallels the change in the value of B’, suggesting 
that the slope might tend to zero when B’ goes to zero.'® Thus we may 
conclude that the time-dependent nature of M,,,(¢) will be determined to a 
large part by the thermodynamic nonideality in the case of a monodisperse 
solute, while, in the case of a polydisperse solute there are contributions 
from both the nonideality and the fractionation effects. Which one of 
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these two effects will exert dominant influence upon the variation of 
M app(t) will depend on the applied rotor speed, the concentration, and the 
polymolecularity of solute. 


This research work was made possible by a grant-in-aid of research from the Ministry 
of Education. The authors wish to acknowledge with thanks the valuable discussion of 
Drs. H. Fujita and T. Kotaka, and the encouragement of Professor M. Horio during the 
course of this work. 
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Résumé 


Afin de vérifier la validité de la méthode généralisée d’Archibald, développée précé- 
demment, des expériences de sédimentation furent entreprises pour deux systémes poly- 
styréne-cyclohexane et chlorure de n-butyle—polyméthacrylate de méthyle aux environs 
de la température de Flory propre 4 chacun d’eux. On trouve que la pente du diagramme 
entre l’inverse du poids moléculaire apparent M,»,» (extrapolé au temps de centrifugation 
zéro) et la concentration, tend vers zéro 4 la température de Flory, puisque cette pente 
a une valeur positive ou négative, suivant que cette température est plus élevée ou plus 
basse que la température caractéristique. Ainsi cette méthode donne la méme informa- 
tion pour des solutions diluées de polymére que la diffusion lumineuse. On entreprit 
une étude complémentaire afin de résoudre la nature de la dépendance du temps de 
Mapp (t), caleulé pour chaque temps de centrifugation, en termes de non-idéalité thermo- 
dynamique des solutions et de l’action de fractionnement par ultracentrifugation de solu- 
tions polydispersées. 


Zusammenfassung 


Zur Uberpriifung der Giiltigkeit der frither entwickelten verallgemeinerten Archi- 
baldmethode wurden Sedimentationsversuche an den beiden Systemen Polystyrol- 


ror 
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Cyklohexan und Polymethylmethacrylat-n-Butylchlorid nahe der betreffenden Flory- 
Temperatur durch gefiihrt. Die Neigung im Diagramm Reziprokwert des scheinbaren 
Molekulargewichts M4», (auf Zentrifugierungsdauer Null zuriick extrapoliert) gegen die 
Konzentration geht bei der Flory-Temperatur gegen Null, wiihrend bei héheren bzw. 
niedrigeren Temperaturen als der charakteristischen positive bzw. negative Werte fiir 
die Neigung auftreten. Die vorliegende Methode liefert daher genau die gleichen 
Aufschliisse fiir verdiinnte Polymerlésungen wid die Lichtstreuung. Weitere Unter- 
suchungen wurden zur Aufklirung der Zeitabhingigkeit von M,p, (t), berechnet nach 
jeder Zentrifugierungsdauer, auf Grund der thermodynamischen Nichtidealitét der 
Lésung und der fraktionierenden Wirkung der Ultrazentrifuge auf einen polydispersen 
gelésten Stoff durchgefiihrt. 
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Kinetics of Nucleation and Growth of 
Spherulites in Homopolymers 


FRANK J. LIMBERT* and ERIC BAER,f Department of Chemistry and 
Chemical Engineering, University of Illinois, Urbana, Illinois 


Synopsis 


In order to check secondary nucleation theories previously proposed by various 
authors, spherulitic growth rates of polypropylene, high density polyethylene, and poly- 
oxymethylene were measured at temperatures relatively close to their respective polymer 
melting points in an air circulating system with temperature fluctuations of less than 
+0.05°C. Only partial agreement between theory and experiment was obtained. 
Interpretation of the experimental data using the similar theories of Burnett and 
McDevitt, and Barnes and co-workers, gave melt-spherulite interfacial energies which 
to date have not been checked by independent experiment. The critical surface tension 
of wetting as defined and measured by Zisman and co-workers was compared with the 
melt-spherulite interfacial energy and found in all cases to be substantially larger. The 
theory of Hirai, which is partially based on the absolute reaction rate theory of Eyring, 
was also tested, and heats of fusion which were about twice as large as values reported 
in the literature were found. A major shortcoming of all three nucleation theories 
is that the intercepts of the theoretical plots differed by many orders of magnitude 
for the various polymers tested. These theories do not give an adequate theoretical 
explanation of this fact. Thermal history of the melt was found to have a marked effect 
on the nucleation rate in polyoxymethylene. This implies that the overall rate constant 
in the Avrami theory is also strongly dependent on melt history. The data indicated 
that the rate constant can be decreased about five hundred times by increasing the melt 
temperature by 20°C. 


INTRODUCTION 


It is well known that most crystalline polymers form spherulites when 
crystallizing from the melt and that these morphological units can be used 
to study the kinetics of crystallization. Understanding the kinetics of 
spherulitic growth is of particular interest, since there is some evidence that 
bulk crystallization data interpreted by using the Avrami theory! can be 
readily related to the nucleation and growth rates of spherulites.?:* 

In order to explain the strong temperature dependence of the spherulitic 
growth rate, Burnett and McDevit‘* assumed that spherulites grow by 
two-dimensional surface nucleation and derived a theory based on classical 
nucleation concepts.6* Recently Barnes et al.’ have extended this ap- 
proach and obtained additional experimental data to substantiate the pro- 


* Present address: U.S. Rubber Company, Wayne, New Jersey. 
+ Present address: Case Institute of Technology, Cleveland, Ohio. 
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posed theory. An entirely different theory for spherulitic growth has been 
proposed by Hirai® based on the absolute rate theory of Eyring.’ This 
investigator also checked his theory with previously reported experimental 
data and found good agreement. 

In order to obtain experimental verification of the previously proposed 
theories, spherulitic growth rate studies were conducted with various homo- 
polymers close to their melting points. Considerable experimental evi- 
dence is offered showing that the bulk crystallization rate is strongly de- 
pendent both on the temperature and the time the polymer remains in 
the melt before crystallization. 


EXPERIMENTAL 
Crystallization Apparatus 


The crystallization studies were carried out in a constant temperature cir- 
culation system shown in Figure 1. A Hallikainen Thermotrol was used 
as an on-off temperature controller for the system. The control loop con- 
sisted of a downstream heater, the Thermotrol, and a sensitive nickel re- 
sistance wire sensing probe. The signal from this probe was the input to 
the controller which activated the resistance heater. In order to minimize 
heat losses, the sample chamber was provided with conducting glass win- 
dows. In all experiments the deviation from the set point temperature was 
less than + 0.05°C. 

The polymer sample was melted in the melt chamber directly above the 
crystallization chamber shown in Figure 2. The melt chamber was main- 


110 volts AC 


Resistance 
Heater 


Temperature _—-+' 
Probe 


Fig. 1. Schematic view of the circulation system. 
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tained at a temperature constant to + 1°C. The sample holder was 
quickly transferred from the melt to the crystallization chamber by using 
stainless steel slide rails and was fitted into a rotating stage. 










Stainless Steel a Resistance Heaters 


Slide 


Polymer Sample To Variac 


Melt 
Chamber 


— Fiberglass Insulation 





Teflon Insulation 


Rotating 
Stage 











Conducting 
Glass Window 








Fig. 2. Cutaway view of the sample chambers. 


The optical bench which was built around the crystallization chamber 
consisted of a Leitz polarizing microscope with long working distance ob- 
jectives. A Mikas photographic attachment and a Leica camera were used 
to photograph the growing spherulites. 


Materials 


The polymers used throughout this investigation were polypropylene, 
high density polyethylene, and polyoxymethylene. 

The polypropylene was Profax supplied by the Hercules Powder Com- 
pany. The polymer contained an unknown amount of a stabilizer, and 
no attempt was made to remove amorphous polymer. ‘The number-aver- 
age molecular weight was estimated from intrinsic viscosity measure- 
ments to be about 350,000. 

The high density polyethylene was Alathon 95, and the polyoxymethyl- 
ene was Delrin 500, both supplied by the du Pont Company. The Alathon 
95 contained 0.165 methyl groups per 100 carbons; it had a density of 
0.9559 g./em.* and a melt index of 0.46. Delrin 500 had a density of 
1.425 g./cm.* and an estimated number-average molecular weight of about 
45,000. 
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CRYSTALLIZATION RATE OBSERVATIONS 
Polypropylene 


Since several investigators have published results on spherulitic growth 
rates for polypropylene,*”:!! this polymer seemed ideal for checking the 
consistency of data obtained with the system. It is well known that the 
radial growth of a spherulite with time is linear under isothermal conditions 
and that the rate constant is taken from the slope of the data line. 


100 


z 
_ 
Y 
zZ 
oO !: 
© 
Y 
= 
vO 
Y 
° 
ad 


Te) 20 30 40 50 60 
(Ty -T)=AT,°C. 


Fig. 3. Spherulitic growth rates for polypropylene: (QO) uncorrected 7',,; (O) corrected 
T,; (@) data of Falkai;? (@) data of Marker et al.;'° (4) data of Padden and Keith."! 


In Figure 3, the spherulitic growth rates for polypropylene measured 
in the present investigation are compared with previously published data. 
For convenience, the logarithm of the growth rate constant, log G, is plotted 
versus the temperature difference between the melting point and the 
crystallization temperature, 7, — JT. There are two distinct lines with 
different slopes. When a melting point of 165°C. is used, the data of all 
four investigators show good agreement. Falkai*® has noted that the 
the melting point of polypropylene depends on the crystallization 
temperature. In this work the melting point of polypropylene also showed 
a temperature dependence for samples crystallized above 130°C., as is 
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Fig. 4. Effect of the crystallization temperature on the melting point of polypropylene: 
(O) present investigation; (@) data of Falkai.* 


shown in Figure 4. If a corrected melting point is used in plotting the 
growth rate data, a line shown in Figure 3 with an entirely different slope 
is obtained. 

It is interesting to note that different samples of polypropylene used by 
various investigators crystallized at the same rate. Falkai polymerized 
his own isotactic specimens, while the other investigators used commercial 
Profax. 


Test of Secondary Nucleation Theories 


Two distinct types of nucleation have been postulated to account for 
spherulitic growth. In order for spherulitic growth to start, primary 
nucleation must occur either by a self-nucleating mechanism (homogeneous 
nucleation) or on the surface of a foreign particle (heterogeneous nuclea- 
tion). The mechanism of primary nucleation determines the induction 
time for crystallization. Primary nucleation is discussed in the section on 
thermal history effects. 

In order to account for the strong temperature dependence of the growth 
rate constant, Flory and McIntyre’? suggested that spherulites grow by a 
secondary homogenous surface nucleation mechanism distinctly different 
from the primary process. The radial growth rate of a spherulite is linear 
with time indicating that the growth process is not diffusion controlled. 
As a result, the recent theories summarized in Table I are based on a two- 
dimensional surface nucleation concept. Equations (1), (2), and (3) 
apply to crystallization temperatures close to the melting point where the 
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TABLE I 


Secondary Nucleation Theories* 





Equa- 
Contrib- Temperature dependency of the tion 
utors growth rate near the melting point No. 





Burnett and log G/T = log G — alo/ZT 
McDevit* 

Barnes et al.? log G = log Go! — alo?T,,,/2.3k(AH,)T AT ( 

Hirai*® log G/AT = log [1.74AH,,/ld;NT ,n,) — AH,,7',/41.5RT AT ( 


m/2.3k( MH_,,)T AT (1) 
2) 
3) 

* Symbols: G = radial growth rate, Go,G)' = constants, k = Boltzmann constant, 
1 = interchain distance, d; = length of a chain segment, o, = interfacial free energy 
per unit area, AH, = heat of fusion per unit volume of repeating units, AH,, = heat of 
fusion per mole of repeating units, 7, = melt viscosity near the crystal surface, R = 
gas constant, VN = Avogadro’s number, 7’ = crystallization temperature, 7',, = melting 
temperature, A7’ = difference between 7’,, and 7’. 





viscous flow term for transporting a polymer segment across the melt- 
spherulite interface is negligible. 

Equation (1) suggests that a plot of log G/T versus T,,/TAT should give 
a straight line having as slope equal to |alo,?/2.3k(4H,)]|. Since the heat 
of fusion per unit volume of repeating unit, AH,, and the interchain dis- 
tance, /, are usually known, the interfacial free energy, o;, can be calculated 
from the slope. Figure 5 shows good straight line correlations as predicted 
by theory. From the slopes the interfacial free energies given in Table 
II were calculated. 

Since it is difficult to find an independent check for the interfacial free 
energy determined in this manner, most previous investigators have con- 
sidered the values obtained as reasonable. The theory defines the inter- 


TABLE II 
Physical Data for Test of Secondary Nucleation Theories 


Interfacial 
free energy 


Heat Inter- . 
os, ergs/cm. 


fone — of fusion chain 
From From AH,, distance, From From 
Polymer Fig. 5 Fig. 6 cal./ce. ia: Fig. 5 Fig. 6 


Slope 





Poly- —23.8 —21.2 62" 7.36> 9.2 8.7 
ethylene 

Poly- —52.2 40° 6.564 11.6 
propylene 

Polyoxy- .€ 53° 4.46! 
methylene 





® Data of Ke.'* 

& Data of Walter and Reding." 

© Data of Fortune and Malcolm. 
4 Data of Natha.'* 

© Data of Inoue." 

f Data of Linton and Goodman. 
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Fig. 5. Test of secondary nucleation theory suggested by Burnett and McDevit:! (O) 
polypropylene; (0) polyoxymethylene; (A) polyethylene. 


facial free energy at the melt-spherulite interface and implies that the melt 
wets the surface of the growing spherulite; that is, the contact angle is 
zero. This means that the interfacial free energy and the critical surface 
tension of wetting, o,, should be strongly related and probably equal in 
magnitude. In Table III, o,, and o, are compared for various polymers. 
In all cases o; is substantially less than o,. Only part of this difference may 
be explained by temperature, since o, was determined near the melting 


TABLE III 
Comparison of the Interfacial Free Energy and the Critical Surface Tension of Wetting 
for Various Polymers 








Gs) Toy 
Polymer ergs/cm.? ergs/cm.? at 20°C. oc/o, 
Polyethylene 9.2 314 3.4 
Polystyrene 8.0% 33° 4.1 
Nylon 6 18. 14 46° 2.6 





® Data of Fox and Zisman.” 

b Data of Kenyon et al.?¢ 

© Data of Ellison and Zisman.?! 

4 Data of Burnett and McDevit.‘ 
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Fig. 6. Test of secondary nucleation theory suggested by Barnes et al.:?7 (O) polypropy- 
lene; (OC) polyoxymethylene; (A) polyethylene. 


point of the polymer and o, was determined at 20°C. Whether this dis- 
agreement indicates a weakness in the theory needs further study. 

Equation (2), which is similar to eq. (1), suggests a plot of log G versus 
Tm/TAT. As expected, data plotted in this manner and shown in Figure 
6 fall on straight lines. Values for o, calculated from the slopes shown in 
Table II are only slightly lower than o, values determined from eq. (1). 

According to the theory by Hirai,’ which may be tested by using eq. (3), 
a plot of log G/T versus T,,/TAT should give a straight line of slope AH,,/ 
41.5R. Figure 7 shows the data plotted in this manner, and again a 
good straight line correlation is obtained. In Table IV, the heats of fusion 
per mole of repeating unit as determined from the slope are compared with 
values from the literature. In all three cases, AH,, from the slope is about 
twice AH,, reported in the literature. These data would indicate that 
certain corrections are needed in the Hirai theory. 

One of the major shortcomings of the secondary nucleation theories is 
that prediction of spherulitic growth rates is not possible without making 
some rate measurements. The intercepts of the plots in Figures 5, 6, and 
7 differ by many orders of magnitude. This is illustrated in Table V. 
Both Barnes et al.’ and Hirai® give expressions for the intercept, but at 
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Fig. 7. Test of theory suggested by Hirai:* (O) polypropylene; (0) polyoxymethylene; 
(A) polyethylene. 


TABLE IV 
Comparison of AH,, Determined from Hirai Theory and Previously Reported 





Values 
AH,,}, AH,,:, 
cal./mole cal. /mole 
Slope (Hirai (from 
Polymer (from Fig. 7) theory ) literature) AH,,'/AH,,? 
Polyethylene —17.7 1450 785* 1.9 
Polypropylene —40.5 3320 1680» 2.0 
Polyoxymethylene —47.5 3870 1590° 2.4 
® Data of Flory.?? 
t Data of Fortune and Malcolm." 
° Data of Inoue.” 
TABLE V 
Intercepts, Go!, of Plots in Figure 6 
Material Go 
Polypropylene 4.7 
Polyoxymethylene 8.5 X 107? 
Polyethylene 9.1 X 107 
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present there is insufficient evidence of agreement between theory and 
experiment. 


Polyoxymethylene 


Inoue and Takayanagi** have previously reported spherulitic growth 
rate data for polyoxymethylene which do not agree with the values meas- 
ured in the present investigation. A comparison of both sets of data is 
made in Table VI. According to Inoue and Takayanagi, the spherulitic 
growth rate at a AT of 44°C. is about 8/min. Our data indicate a similar 
growth rate at a AT’ of about 22°C. Since high density polyethylene with 
little branching crystallizes at a rate of 8 u/min. at a AT of 14°C. and poly- 
oxymethylene is a linear polymer, the faster growth rates found in the 
present work seem more reasonable. Whether differences in the polymer 
samples used in both investigations can cause this significant discrepancy 
has not been resolved. 


TABLE VI 
Spherulitic Growth Rate Data for Polyoxymethylene 


Present investigation Inoue and Takayanagi** 
a5 aoe G, »/min. 7 G, »/min. 


156.0 20.8 150 5 
157.0 13.8 136 8 
158.0 5.95 127 40 
159.8 4.62 : 

160.8 3.39 

163.0 1.25 

163.9 0.855 

164.5 0.288 

166.1 0.177 

169.1 0.0285 


Primary Nucleation: Thermal History Effects 


A widely used theory applicable to any crystallizing solid and used to 
analyze bulk crystallization data for polymers is the Avrami theory! 
which has the general form 


a = exp {—Kt"} (4) 


where a is the fraction uncrystallized, K is the overall rate constant, ¢ is 
time, and n is an integer dependent on the nucleation and growth mecha- 
nisms. Evans,*‘ in a later paper, using a simpler derivation also proposed 
eq. (4). Assuming that the polymer crystallizes by three-dimensional 
spherulitic growth, n equals either 3 or 4. If all the spherulites start grow- 
ing from their primary nucleus at the same time, the nuclei density re- 
mains constant during crystallization and n equals 3. On the other 
hand, if all the spherulites do not start growing at the same time but 
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Fig. 8. Determination of spherulite induction times in polyoxymethylene at 164.5°C.: 


(1) slope = 0.58, 6; = 22; (2) slope = 0.57, 0; = 15; (3) slope = 0.58, 6; = 2. 


appear as a linear function of time (nucleation rate constant), then n 
equals 4. Tor these special cases, eq. (4) becomes 


a = exp {— Ke} (5) 
where 

K = (m/3) praG 
and 

a = exp {—Kt'} (6) 
where 


K = (m/3) ky@ 


Here, p, is the nuclei density, and k, is the nucleation rate. For conven- 
ience 2/3 is usually approximated as unity. 

In order to check the relationship between spherulitic growth and bulk 
crystallization rates, p, or k, must be measured. Falkai* has successfully 
compared these relationships for polypropylene, measuring the nucleation 
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Fig. 9. Effect. of thermal history on the nucleation rate of polyoxymethylene at 
164.5°C.: (@) T,, = 190°C., melt time = 60 min.; (O) 7, = 190°C., melt time = 10 
min.; (OC) 7,, = 200°C., melt time = 10 min.; (A) 7, = 210°C., melt time = 10 min.; 
(VY) T,, = 200°C., melt time = 10 min. 


density by counting the total number of spherulites that appear. For 
his particular melt conditions, he observed that all spherulites had 
zero induction times and therefore started to grow at the same time. 

In the present investigation with polyoxymethylene, the spherulites 
started growing at different induction times as is illustrated in 
Figure 8. The induction time is obtained by extrapolating to zero diam- 
eter the linear diameter versus time plot. The intercept on the time 
axis is assumed to be the induction time, and in this manner the three 
spherulites shown in Figure 9 were found to have induction times of 2.0, 
15.0, and 22.0 min., respectively. 

In order to find the nucleation rate, the induction times of ten randomly 
picked spherulites with the same thermal history and crystallization tem- 
perature were assumed to be representative of the induction times for all 
the nuclei. The total number of nuclei present in each run were counted 
and averaged to obtain nuclei density versus time plots illustrated in 
Figure 9. In general, the data fell on straight lines from whose slopes the 
nucleation rates were obtained. 
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It is extremely interesting to note that the nucleation rate is strongly 
dependent on the melt temperature and on the time the polymer remained 
in the molten state before crystallization. The effect of thermal history 
on the primary nucleation rate in polyoxymethylene crystallized at 164.5°C. 
is summarized in Table VII. The data shows that the overall rate con- 
stant can be decreased about five hundred times by simply increasing the 
melt temperature by 20°C. This implies that the overall rate constant, 
frequently determined from dilatometric data analyzed by the Avrami 
theory, is strongly dependent on the thermal history of the melt. 


TABLE VII 
Effect of Thermal History on the Primary Nucleation Rate in Polyoxymethylene at 
164.5°C. 


Melt 
tempera- 
ture, Melt 


Overall rate 
constant K, 


Nucleation 


Nuclei density rate kp, 


“i. 


190 
190 
200 
200 
210 


time, min. 


10 
60 
10 
60 
10 


Pn, nuclei/ce. 


181 X 10° 
115 X 10° 
150 X 10° 
14 X 108 
119 X 108 


nuclei/ce./min. 


nuclei/min.‘ 


8.6 X 107 
.0 X 107 
6 xX 107 
107% 


wh 
2 
8 


210 60 
220 10 


25 X 10° 
5 X 10° 


10-* 
10° 


2 
8. 
1.2 
1 

1 

1 


x 
x 
x< 10-7 
x 
x 


Recently Majer, using the dilatometric method, reported a strong 
influence of the melting conditions on the crystallization rate of poly- 
propylene. He also observed that the nuclei are gradually removed by 
increasing the melt temperature. Whether this strong melt history 
effect is due to an unmolten crystalline phase in the melt or to heterogeneous 
nuclei which are deactivated with increasing temperature has not been 
established. 


The authors wish to thank E. I. du Pont de Nemours and Company, Inc., for the 
financial support of this work. The work reported in this paper was abstracted from 
the Master’s thesis of Frank J. Limbert. 
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Résumé 


Afin de controler les théories de nucléation secondaire proposées antérieurement par 
différents auteurs, on a mesuré les vitesses de croissance des sphérulites de polypropylene, 
de polyéthyléne a haute densité et du polyoxyméthyltne, 4 des températures relative- 
ment proches de leurs point de fusion respectifs, dans un systéme & circulation d’air 
ayant des fluctuations de température de moins de +0.05°C. On a seulement obtenu 
une concordance partielle entre la théorie et les expériences. L’interprétation des résul- 
tats expérimentaux par les théories similaires de Burnett et McDevitt et de Burnett et 
collaborateurs, a donné des énergies interfaciales de fusion des sphérulites, qui jusqu’ici 
n’ont pas encore été vérifiées par une expérience indépendante. On a comparé la ten- 
sion critique de surface de mouillage, déterminée et mesurée par Zisman et collabora- 
teurs, avec l’énergie interfaciale de fusion de sphérulites et on a trouvé que celle-ci est con- 
sidérablement plus grande dans tous les cas. On a également vérifié la théorie de Hirai, 
qui est basée partiellement sur la théorie de la vitesse de réaction absolue d’Eyring, et 
on a trouvé des chaleurs de fusion d’environ deux fois plus elevées que ceux rapportés 
dans la littérature. Le defaut principal des ces trois théories de nucléation consiste 
dans le fait que l’interception des graphiques théoriques différent de plusieurs ordres 
de grandeur pour les différents polyméres examines. Ces théories ne fournissent pas une 
explication théorique adéquate de ce fait. L’historique thermique de la fusion a un 
effet notoire sur la vitesse de nucléation dans le polyoxyméthyléne. Ceci implique que 
la constante de la vitesse absolue dans la théorie d’Avrami dépend également, d’une 
maniére importante, de l’historique de la fusion. Les résultats indiquaient que la 
constante de vitesse peut étre diminuée d’environ cing cents fois par une augmentation 
de la température de fusion de 20°C. 


Zusammenfassung 


Zur Uterpriifung der von verschiedenen Autoren vorgeschlagenen Theorien der 
Sekundarkeimbildung wurde die Sphirolithwachstumsgeschwindigkeit von Poly-pro- 
pylen, Polyiathylen hoher Dichte und Polyoxymethylen bei Temperaturen, die den 
entsprechenden Polymerschmelzpunkten verhiltnismissig nahe lagen, in einem System 
mit zirkilierender Luft bei Temperaturschwankungen kleiner als +0,05°C gemessen. 
Es wurde nur eine teilweise Ubereinstimmung zwischen Theorie und Experiment er- 
halten. Die Auswertung der Versuchsergebnisse nach den verwandten Theorien von 
Burnett und McDevitt und von Barnes und Mitarbeitern lieferte Grenzflichenenergien 
Schmelze-Spharolith, welche bis jetzt noch nicht durch unabhingige Versuche iiber- 
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prift wurden. Die kritische Benetzungs-Oberflichenspannung, wie sie von Zisman und 
Mitarbeitern definiert und gemessen wurde, wurde mit der Grenzfliichenenergie Schmelze- 
Sphiarolith verglichen und erwies sich in allen Fillen als wesentlich grésser. Auch die 
Theorie von Hirai, die zum Teil auf der Theorie der absoluten Reaktionsgeschwindigkeit 
von Eyring beruht, wurde gepriift und dabei Schmelzwirmen von etwa der doppelten 
Grosse als die Literaturwerte gefunden. Ein Hauptmangel aller drei Keimbildungs- 
theorien besteht darin, dass die Achsenabschnitte in den theoretischen Diagrammen 
sich bei den verschiedenen, untersuchten Polymeren um viele Gréssenordnungen unter- 
scheiden. Die Theorien liefern keine adiquate theoretische Erklirung fiir diese Tat- 
sache. Die thermische Vorgeschichte der Schmelze hatte auf die Keimbildungsgesch- 
windigkeit bei Polyoxymethylen einen merklichen Einfluss. Das bedeutet, dass auch 
die Bruttogeschwindigkeitskonstante in der Theorie von Avrami stark von der Vorge- 
schichte der Schmelze abhingt. Die Ergebnisse zeigten, dass die Geschwindigkeit- 
skonstante durch Erhéhung der Schmelztemperature um 20°C auf etwa ein fiinfhundert- 
stel herabgesetzt werden kann. 


Received September 10, 1962 
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Calorimetric Measurements of the Heat of Sorption 


of Water Vapor on Dry Swollen Cellulose 


J. GREYSON* and A. A. LEVI, International Business Machines 
Corporation, Thomas J. Watson Research Center, 
Yorktown Heights, New York 


Synopsis 


Calorimetric measurements of the heat of sorption of water vapor on a dry swollen 
cellulose sample have been made for various swelling states of the sample. The state 
of swelling was characterized by the surface area of the sample as determined by nitrogen 
adsorption (B.E.T.) Six runs were made with the surface area varying from 140 m.*/g. 
to 2 m.?/g. The initial heats do not vary significantly with change in surface area and 
were found to be 15 to 16 kcal. per mole of water sorbed. The energetics of water sorp- 
tion and the water regain, at low water concentrations, are entirely independent of the 
surface area range (swelling state) of the cellulose. The surface area was found to de- 
crease logarithmically with the quantity of water sorbed on the cellulose. It is con- 
cluded that the interaction of water and cellulose is a bulk rather than a surface effect. 


Several years ago, Hunt, Blaine, and Rowen! showed that the surface 
area of dry, swollen cellulose, as measured by nitrogen adsorption tech- 
niques,? was two orders of magnitude greater than that of dry, unswollen 
material. The cellulose was prepared by swelling in water, displacing the 
water by successive substitutions with less polar solvents, and then vacuum 
drying. Thus, swelling of cellulose by water was shown by Hunt et al. to 
involve the formation of real surface. However, processes that result in 
the formation of surface require an expenditure of energy which would 
cause one to expect a difference between the energy of sorption of water on 
dry, swollen cellulose and on dry, unswollen cellulose. In fact one would 
expect the thermodynamics of the sorption processes to be different for the 
two materials, resulting in variations not only in the interaction energetics 
but also in the characteristics of the water sorption isotherms. Finally, it 
would be expected that surface areas calculated from these water isotherms 
by the techniques of Brunauer, Emmett, and Teller (B.E.T.),? would re- 
flect the state of swelling of the cellulose. 

In this paper we report the results of an investigation of the sorption 
properties of water on dry, swollen cellulose and the resulting shrinkage 
process. Calorimetric heats of sorption of water vapor and the associated 
water sorption isotherms have been measured for dry, swollen cellulose in a 
series of experiments designed to investigate the dependence of water sorp- 


* Present address: Research Center, Stauffer Chemical Company, Richmond, Cali- 
fornia, 
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tion properties on the nitrogen surface area (swelling state) of the sample. 
In contrast to the classical methods of measuring immersion heats or of 
computing heats from isotherms obtained by isopiestic techniques, the 
experimental method chosen for this investigation is one in which the heat 
effects associated with the addition of controlled increments of vapor are 
measured directly. The former two methods offered a severe disadvantage 
for the present investigation in that they allow for little control over the 
quantity of water added to the sample and little control over shrinkage of 
the cellulose. Measurements of the heats associated with small additions 
of vapor allow for controlled shrinkage and have the advantages of requir- 
ing no assumptions of equilibrium, of allowing for measurements at ex- 
tremely low water concentrations, and of yielding differential heats with a 
minimum of computation. In addition, isotherms can be obtained in the 
presence of water vapor only and are not complicated by other gases in the 
system. Finally because of the nature of the apparatus, nitrogen B.E.T. 
determinations can be made in situ. 


EXPERIMENTAL 


Apparatus and Materials 


The apparatus (Fig. 1) is based on a design by Greyson and Aston.* The 
calorimeter is made of copper and is gold-plated inside and out to minimize 
radiation. Temperature variations are measured with a Leeds and North- 
rup platinum resistance thermometer in conjunction with a Leeds and 
Northrup type G-2 Mueller bridge. The null detector is a Keithley 150A 
microvoltmeter whose output is recorded by a Varian chart recorder. The 
calorimeter is mounted inside a brass can which can be evacuated to about 
2 X 10-' mm. Hg for purposes of thermal insulation. The water equiv- 
alent of the calorimeter and its contents is determined by heating with a 
constantan heater wrapped around the end of the resistance thermometer 
thimble. Calorimeter surroundings are maintained constant to within 
0.003°C. by means of a double oil bath. The outer bath is controlled to 
0.1°C. Between the outer and inner bath is a double walled, stainless steel 
container with a layer of asbestos powder between the walls. The thermal 
conductivity and heat capacity of the container is such that the tenth de- 
gree variation in the outer bath is damped to a few thousandths degree in 
the inner bath. 

The cellulose is packed into a perforated copper basket inside the 
calorimeter. The purpose of the basket is to allow vapor passing into the 
chamber to diffuse quickly throughout the sample and to allow the heat 
generated from the process to be rapidly conducted throughout the calorim- 
eter. Cellulose samples were supplied by Mr. R. W. Kitchel of the Her- 
cules Powder Corporation. They are cotton linters, Hercules Type 
A-500-P (better than 99% a-cellulose) with a surface area of about 1 m.?/g. 
as determined by the B.E.T. method. 

Associated with the calorimeter is a gas handling system consisting of a 
400-cc. gas pipet and a 15-mm. bore mercury manometer. Increments of 
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TO GAS HANDLING SYSTEM 
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Fig. 1. Adsorption calorimeter: (1) calorimeter; (2) platinum resistance themometer; 
(3) brass can; (4) constantan heater; (5) resistance thermometer thimble; (6) double oil 
bath; (7) stainless steel container; (8) perforated copper basket; (9) thermoregulator; 
(10) Stupakoff refractory insulator; (11) stainless steel filling tube; (12) stirrers; (13) 
cellulose sample. 


water vapor up to 15 cc. $.T.P. can be added to the calorimeter by means of 
the system. The gas-handling system also allows for measurement of 
sample surface areas in situ by standard B.E.T. techniques. All volumes 
in the system were calibrated by expanding nitrogen into the gas pipet 
which had been calibrated previously by weight. The system dead volume 
represented only about 5% of the total volume. Pressures were read with a 
Gaertner cathetometer and, after corrections for meniscus height and grav- 
ity, were accurate to about 0.03 mm. Hg. 

The precision of a heat measurement was limited by the sensitivity of 
the thermometer. The combination of the resistance thermometer and the 
Mueller bridge allowed for a sensitivity of 0.001°C. For small additions of 
water vapor (0.02% by weight of cellulose) the temperature rise was of the 
order of several hundredths of a degree. Thus the overall experimental 
precision was about 5% of the heat evolved when an increment of vapor was 
added. 


Preparation of Expanded Cellulose 


Expanded cellulose was prepared in a fashion similar to that of Hunt et 
al.t A 16-g. sample was soaked for 3 hr. in 10% NaOH solution at 5°C., 
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then washed and soaked for !/2 hr. in 2% NaOH solution at room tempera- 
ture. It was then washed with dilute acetic acid followed by deionized 
water until it was neutral to indicator paper. ‘The sample was then allowed 
to stand overnight in deionized water. After pressing out of excess water, 
the cellulose was immersed in reagent grade methyl alcohol and allowed to 
stand for '/zhr. The pressing and immersing procedure was repeated twice 
with reagent grade methanol, three times with magnesium-dried methanol, 
and four times with sodium-dried benzene. ‘The sample was never allowed 
to dry out during the displacement procedure. Excess benzene was re- 
moved, and the sample was placed in a desiccator containing concentrated 
H.SO, and paraffin. The desiccator was evacuated to approximately 7 
mm. Hg and the vacuum maintained for several days. The material was 
stored under vacuum and transferred to the calorimeter under dry nitrogen. 
A nitrogen B.E.T. measurement showed the new surface area of the 
cellulose to be 140 m.?/g. 


Measurement Procedure 


A heat datum point was obtained by heating the calorimeter to a tem- 
perature somewhat higher than the bath and letting the system equilibrate. 
When a steady-state cold drift was obtained as determined by a nearly 
linear temperature-time change, an increment of water vapor was ad- 
mitted. The resultant temperature rise was recorded, and enough time 
was allowed for a new steady-state cold drift to occur at the higher tem- 
perature. The initial and final pressures in the system were measured to 
determine the quantity of vapor sorbed and, from a previously determined 
value for the water equivalent of the calorimeter and contents, a value for 
the heat effect was calculated. 

Preliminary experiments revealed that the sorption of water on the glass 
parts of the calibrated volume spaces could give rise to a large uncertainty in 
the final calculations. The data for the adsorption of water on glass pre- 
sented by Stanworth,‘ although not wholly applicable to the apparatus used 
here, did establish that water sorption on glass follows a Brunauer® type 
V isotherm, i.e., little sorption at low relative humidities and an increasing 
amount as the humidity increases. A check of sorption of water on the 
glass parts of our system revealed that if vapor pressures were maintained 
lower than 8 or 9 mm. of mercury, the uncertainty in the water vapor cal- 
culations became smaller than the overall precision of the experiment. The 
procedure for making this determination was to allow some vapor to enter 
the smallest calibrated volume space of the glass system. The vapor was 
then allowed to expand into the gas pipet at constant temperature, and 
pressure measurements were made for each expansion. Because of sorp- 
tion, the P—V product could become constant only when the amount of the 
sorbed water was small relative to that in the gas phase. It was found that 
P-V product became constant within a few per cent for pressure of 10 mm. 
Hg or less and for pipet volumes of 300 cc. and larger. The volume de- 
pendency arises from the fact that the gas pipet is constructed from several 
globes of increasing volume, and, as vapor is expanded into the pipet, the 
overall volume-to-surface ratio increases. 
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Calculations 


All calculations were performed with an IBM 7090 computer. The 
corrected temperature rise was obtained according to a technique described 
by Dickinson,* in which the steady-state fore and after drifts are extrap- 
olated to a time during the reaction period chosen by multiplying the half 
time of the reaction by 1.5 and considering the difference between the 
extrapolations as rise in temperature due to the reaction. The deviation 
due to an error in extrapolation technique amounted to less than the un- 
certainty of the temperature reading itself, since the characteristics of the 
calorimeter were such that the extrapolation correction to the temperature 
rise rarely exceeded 10% of the entire rise. 

For vapor volume calculations, it was assumed that water vapor be- 
haved as an ideal gas. 

The heat of sorption was calculated on the basis of the assumption that 
the heat effect due to the compression of vapor in the calorimeter was 
negligible.’ 


General 


A total of seven experimental runs, each consisting of from 30 to 130 heat 
measurements, was performed. Six of these were made on a sample of ex- 
panded cellulose and the seventh on an untreated sample. Each heat 
measurement entailed the addition of a vapor increment of about 0.02% 
by weight of the cellulose sample. Increments were added until the 
residual pressure of the system exceeded a few millimeters of mercury. For 
the expanded material, nitrogen surface area determinations were made 
after each run both before and after evacuating the water from the sample 
to residual pressures of 200 microns or less. 

The expanded sample suffered some area decrease during each run, but 
this was never more than 10%. Therefore, in order to obtain reasonably 
large changes in area from one run to the next, larger quantities of water 
were added to the system between runs. After this was done, the sample 
was reevacuated to residual pressure of 200 microns or less and the area 
was remeasured. 


RESULTS AND DISCUSSION 


In Figure 2, the results of the heat measurements on the unswollen sam- 
ple are shown. The cellulose in this case was evacuated at 100°C. for 
several days before the measurements began. The differential heat at 
zero coverage is somewhat higher than the value which Argue and Maass*® 
obtained by extrapolation but compares well with their data for water con- 
tents greater than 0.3%. The uncertainty of their extrapolation is clearly 
shown by the somewhat more sensitive technique used in the present 
investigation. The higher initial heat is probably due to the availability 
at low water concentrations of a small population of interaction sites of 
relatively high energy. Such sites could reveal their presence only on a well 
dried material and only in measurements at very low surface concentra- 
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Fig. 2. Comparison of calorimetric differential heats with differential heats computed 
from integral heats of wetting. 
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Fig. 3. Calorimetric differential heats of adsorption of water vapor on cellulose in 
various swollen states at 30°C. Dashed lines show limit of scatter. 
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Fig. 4. Vapor pressure isotherms for the heats of Fig. 3. 


tions and with additions of very small water increments. The heat data 
on the unswollen cellulose yield little new information and serve primarily 
as reference for measurements on the expanded material. 


Results of the measurements made on the expanded sample are summa- 
rized in Figures 3 and 4. The surface areas noted on each graph derive 
from nitrogen B.E.T. measurements made at the beginning and end of 
each run. In no case did the addition of water over the range covered in 
a run result in a decrease of surface of more than 10% of the starting area. 
Nitrogen B.E.T. measurements made before and after removing water 
from the sample resulted in no measurable change in nitrogen surface. 

Since the maximum change in area in a run is less than 10% of the total, 
it would seem reasonable to define a water monolayer as the amount of 
water which, assuming a value of 10 A. for the area of the water molecule, 
would be necessary to cover one layer of surface as determined by nitrogen 
adsorption. The weight compositions corresponding to such “‘monolayers’”’ 
are shown as arrows in Figures 3 and 4. It is very significant that neither 
the heat values nor the water isotherms show any characteristic change at 
the value of the computed water monolayer. This lack of change is sur- 
prising, since in ordinary physical adsorption the interaction energy de- 
creases as the cube of the distance from the surface and a sharp change in 
differential heat of adsorption is observed at the completion of the first layer. 
As a matter of fact, one of the fundamental assumptions of the theory of 
Brunauer, Emmett, and Teller is that in higher layers the interaction energy 
is the same as the heat of liquification of the vapor. That no transition in 
the water sorption heat is observed implies that the computed monolayer 
value is meaningless in water sorption, i.e., that the cellulose does not 
present a ‘‘surface’’ to the water. 
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Confirmation of the fact that water recognizes no surface in cellulose is 
obtained also from a comparison of the heat curves from run to run... The 
small differences that occur undoubtedly arise from residual water in the 
sample, as can be seen by examining Figures 3 and 4 and noting that, in 
those runs in which the zero coverage heats are highest, zero coverage pres- 
sures are lowest and vice-versa. The overall similarity of the differential 
heat curves is contrary to the concept of water-—cellulose surface interac- 
tion. One would expect that the different states of swelling as deduced 
from the various nitrogen surface areas would have resulted in a redistribu- 
tion of sorption site population. Such a redistribution, if water-surface 
interactions were involved, should have resulted in the dependence of dif- 
ferential heat on the surface area ranges. That no dependence is observed 
requires the conclusion that the same interaction sites are used in water 
sorption at any nitrogen surface area. Further confirmation is obtained 
from the isotherms in Figure 4, which show that water regain is also 
independent of the nitrogen surface area. 

The interaction of water and cellulose is then not a surface effect but is, 
as has been suggested by Hermans and others,® a bulk effect related to 
solution phenomena. The use of the theory of Brunauer, Emmett, and 
Teller to compute surface area from water isotherms is similar to making 
use of the theory to compute the surface of a salt solution from its vapor 
pressure curves. Any agreement between the number obtained and that 
obtained by the adsorption of a gas inert to the cellulose is entirely for- 
tuitous. 


© HUNT,BLAINE & ROWEN 
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Fig. 5._ Loss of nitrogen_B.E.T. surface area with amount of water on expanded cellulose. 
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Although the heat of sorption of water and the shape of the water sorp- 
tion isotherms are independent of the nitrogen area of the cellulose, at least 
in the concentration ranges covered in this investigation, the concentration 
of water in the cellulose has a direct bearing on its nitrogen area. As was 
discussed previously, additions of relatively large quantities of water were 
necessary to obtain surface area decreases greater than 10%. The surface 
area was found to decrease logarithmically with the quantity of water added 
to the expanded samples. For the most expanded state, a small addition 
of water resulted in significant area decrease, but as the area of the sample 
was reduced, greater amounts of water were necessary to obtain further 
reductions. Further, if an amount of water sufficient to reduce the nitro- 
gen area was added to the expanded cellulose and then removed by evacua- 
tion, no further reduction in area could be obtained until at least that 
amount plus some additional quantity was readded. The relationship is 
shown in Figure 5, the data of which were obtained in the course of the in- 
vestigation. For comparison, some data of Hunt et al.,1 who observed 
such metastability but did not comment on it, are also shown. That the 
surface area of a partially expanded cellulose remains stable until the quan- 
tity of sorbed water given by Figure 5 is exceeded would seem to be another 
indication that regardless of nitrogen surface area the same interaction 
sites are used at equivalent water coverages. 

It is interesting that the graph in Figure 5 implies that in the reverse case, 
that is, in the case of an unswollen cellulose being expanded by the addition 
of water, no significant increase in surface takes place until about 10% by 
weight of water (about 75% R.H.) is added. One can conclude this by 
noting that if the reverse experiment were performed, its graph would have to 
intersect the one shown at about 75% R.H. Any intersection previous to 
that point would preclude the possibility of obtaining reductions in the 
surface of the expanded material to the 2 m.?/g. which was obtained. 

No energy of surface reduction was observed in this investigation, at 
least within the sensitivity possible. The fact that none was observed is 
not an indication that it is vanishingly small. An examination of Figures 
3, 4, and 5 will reveal that the bulk of the data obtained after the first run 
were obtained at conditions under which no reduction in surface occurred, 
i.e., at very low water concentrations. In the first run, in which some var- 
iation in area should have occurred, the heat associated with it was probably 
lost because the combination of swelling kinetics and small overall surface 
change was distributed over many small water additions. 

An interesting area for future investigation will be the determination of 
the heat of surface reduction. Such heats can be obtained by means of 
the techniques of this investigation by measuring integral heats instead of 
differential heats. This should give some insight into the mechanism of 
the shrinking phenomenon, hopefully the converse of the swelling phe- 
nomenon. 

The authors would like to thank W. Dougherty for programming the calculations for 


the 7090 and H. L. Friedman for his many interesting and constructive suggestions and 
comments throughout the investigation. 
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Résumé 


On a fait des mesures calorimétriques de la chaleur de sorption de la vapeur d’eau a 
un échantillon sec gonflé de cellulose 4 des états de gonflement variable de |’échantillon. 
L’état de gonflement a été caractérisé par Ja surface partielle de l’échantillon d’aprés la 
détermination par adsorption d’azote (B.E.T.). Six tours ont été faits en variant la 
surface de 140 m.?/g. 4 2 m.?/g. Les chaleurs initiales ne varient pas considérablement 
avec les changements de surface; elles ont été évaluées 4 15-16 Kcal par mole d’eau 
adsorbée. L’énergie d’adsorption d’eau et la récuperation de ]’eau, 4 des concentrations 
faibles en eau sont totalement indépendantes des surfaces partielles (état de gonflement) 
de la cellulose. La surface partielle diminue logarithmiquement en fonction de la 
quantité d’eau adsorbée a la cellulose. On conclut que l’interaction de l’eau et de la 
cellulose est un effet de volume plutét qu’un effet se surface. 


Zusammenfassung 


Kalorimetrische Messungen der Sorptionswirme von Wasserdampf an trockenen, 
gequollenen Celluloseproben wurden bei verschiedenem Quellungszustand der Proben 
durchgefiihrt. Der Quellungszustand wurde durch die mittels Stickstoffadsorption 
(B.E.T.) bestimmte spezifische Oberfliche der Pribe charakterisiert. Es wurden sechs 
Versuchsreihen bei spezifischen Oberflichen von 140 m.?/g. bis 2 m.?/g. ausgefiihrt. Der 
Anfangswert der Sorptionswirme zeigt keine ausgepriigte Abhangigkeit von der spezi- 
fischen Oberfliche und ergab sich zu 15-16 kcal/Mol sorbiertes Wasser. Die Energetik 
der Wassersorption und die Wasserabgabe bei niedrigen Wasserkonzentrationen sind 
vom Bereich der spezifischen Oberfliche (Quellungszustand) der Cellulose véllig un- 
abhingig. Die spezifische Oberfliche nahm mit der Menge des an der Cellulose sor- 
bierten Wassers logarithmisch ab. Man kommt zu dem Schluss, dass die Wechselwir- 
kung zwischen Wasser und Cellulose keine Oberflichenerscheinung ist, sondern sich im 
Phaseninneren abspielt. 
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Monomers Containing Phosphorus. Part I. 


Copolymerization of Phosphonates with n-Lauryl 
Methacrylate 


K. I. BEYNON, Shell Research Limited, Thornton Research Centre, P.O. 
Box 1, Chester, United Kingdom 


Synopsis 


The reactivity ratios for the copolymerization of lauryl methacrylate (LMA) with di- 
allyl phenylphosphonate (DAPP), diallyl butylphosphonate (DABP), and diethyl allyl- 
phosphonate (DEAP), respectively, have been measured at 80°. 

LMA-DAPP, 7 = 19.5, rz = 0.072 

LMA-DABP, 7; = 18.7, rz = 0.091 

LMA-DEAP, 7; = 52.5, re = 0.066 
None of the phosphonates are active for copolymerization with LMA but the DAPP and 
DABP have similar activities which are greater than that of DEAP. The variation with 
conversion in composition of the LMA-DAPP copolymer formed at any instant has been 
calculated using Skiest’s equation and the calculations have been extended to show the 
variation of the overall composition of the copolymer with conversion. Intrinsic viscosi- 


ties and molecular weights have been measured for some LMA-DAPP copolymers and 
these values are found to depend on the phosphorus contents of the copolymers. 


1. INTRODUCTION 


Many allyl phosphorus compounds have been polymerized and copoly- 
merized, and this work has been summarized by Laible.!_ However, very 
little has been published about the quantitative aspects of the copolymer- 
ization of allyl phosphorus compounds. We have measured the reactivity 
ratios for the copolymerization of n-lauryl methacrylate (LMA) with dial- 
lyl phenylphosphonate (DAPP, I), diallyl n-butylphosphonate (DABP, 
TI), and diethyl] allylphosphonate (DEAP, ITI), respectively. 

(CH:==CH—CH:;0)2 P(O)CeHs 
I 

(CH.==CH—CH,20), P(O)CiH 
II 

CH.—CH—CH,—P(0)(OC;Hs). 
III 


There appears to be some confusion in the literature concerning the form 
of the copolymer composition equation to be used when one of the mono- 
mers is bifunctional. Alfrey, Bohrer, and Mark? have considered the case 
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of the copolymerization of a monomer, A, with a bifunctional monomer, 
B, when the two functional groups in B are equivalent. For this system the 
normal copolymer equation can be used [eq. (1) ]: 


dm,/dmz = M,(ryM, + M2)/M2(reM2 + Mj) (1) 


In this equation m; and m; refer to the moles of the two monomers, A and 
B, respectively, in the polymer and M;, and M,; refer to the moles of each 
of the monomers in the monomer mixture. In this equation 1; is the mon- 
omer reactivity ratio of monomer A relative to the molecule B as a whole, 
and r2 is the monomer reactivity ratio of the monomer B relative to mono- 
mer A. This equation can be used whether both the functional groups in 
monomer B polymerize or not. It is possible, however, to write the co- 
polymer composition equation in a different form [eq. (2)], and this form 
has been used in a recent paper by Wiley and Sale’ and in another by Hwa 
and Miller.‘ 

dm,/dmz, = M,(RiM, + 2M2)/2M2(2R2M2 + M;) (2) 
This equation is equally valid, but in this form R, is the monomer reactivity 
ratio of monomer A relative to a single functional group in monomer B, 
and F, is the monomer reactivity ratio of a single functional group in mono- 
mer B relative to monomer A. From eqs. (1) and (2) it can be readily 
shown that 


R; = 2r1 (3) 
2Re = Te (4) 


In the present work eq. (1) has been used to describe the copolymer com- 
position. 


2. EXPERIMENTAL 


a. Materials 


Diallyl phenylphosphonate was prepared from phenylphosphonic di- 
chloride and allyl alcohol in a manner similar to that described by Toy. 
The crude monomer was redistilled and a fraction boiling at 107—110°C. 
(0.15 mm.) was collected (n§ = 1.5150; literature'n$ = 1.5128). 


Anau. Caled. for CieHi0;P: C, 60.5%; H, 6.5%; P, 13.05%. Found C, 61.8%; 
H, 6.7%; P, 13.0%. 


The material was stored and handled in an atmosphere of oxygen-free, 
dry nitrogen, for on exposure to the atmosphere bands attributable to com- 
pounds containing C—OH groups appeared in the infrared spectrum. 

Diallyl butylphosphonate was prepared by a Michaelis reaction between 
sodium diallyl phosphite and butyl bromide. The crude reaction mixture 
was twice distilled and the fraction boiling at 80-83°C. (0.1 mm.) was col- 
lected and was stored and handled under nitrogen (n$ = 1.4502). 


Anat. Caled. for CioHig0;P: P, 14.2%. Found, P, 14.5%. 
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The G.L.C. trace of the sample showed only a single peak. 

Diethy] allylphosphonate was prepared by an Arbuzov reaction between 
triethyl phosphite and allyl bromide. The crude product was twice dis- 
tilled, and a fraction boiling at 80-82°C. (1-2 mm.) was collected and was 
stored and handled under nitrogen (nf = 1.4350; literature’ nf = 
1.4295, n?9 = 1.4350; n30 = 1.4312). 


Anat. Caled. for CHi0O;P: P, 17.4%. Found: P, 17.2%. 


n-Lauryl methacrylate was prepared by heating pure n-laury]l alcohol 
(Theodore St. Just and Co., Ltd.), and redistilled methyl methacrylate 
(Rohm and Haas Company) in the presence of naphthalene-2-sulfonic 
acid. The crude reaction product was purified by distillation from quinol. 
Before the material was used in copolymerizations the quinol was removed 
by washing with dilute alkali, and the methacrylate was distilled from cop- 
per powder. The purified lauryl methacrylate was stored for up to five 
days at —10°C. The purity of the lauryl methacrylate was determined 
by measurement of the bromine number by the pyridine sulfate dibromide 
method® (bromine number calculated for CigH3O2: 62.9 g. Br2/100 g. 
sample; found: 62-63 for different samples). 


b. Polymerizations 


Lauryl methacrylate and the phosphonate were weighed into a tube, so 
that the total quantity of the monomers was near 0.0624 mole. Pure 
benzene (5 ml.) was added together with standard solution (1 or 2 ml.) 
of benzoyl peroxide in benzene. The catalyst was generally present in a 
concentration of 0.20 mole-% relative to the monomers, but in a few ex- 
periments the concentration was 0.10%. The monomer mixture was out- 
gassed in the usual way and the reaction tube was sealed under a vacuum. 
The reaction tube was agitated in a thermostat maintained at 80 + 0.1°C. 
until noticeable thickening occurred. The tube was removed and the con- 
tents were added to ethanol (500 ml.) containing hydroquinone (0.5 g). 
The polymer was separated from the supernatant liquid in a centrifuge and 
was reprecipitated from benzene solution twice. The polymer was dis- 
solved in benzene, the solution was filtered, and the benzene was removed by 
freeze-drying. The last traces of benzene were removed by heating the 
polymer at 80°C. in a vacuum of 0.05 mm. for 5hr. Polymerizations using 
different relative amounts of monomers were carried out in a random 
order for each monomer pair. 

The phosphorus contents of the polymers were measured by the 
wet oxidation method,’ a photometric finish being used. The analysis 
of homopolymers of diallyl butylphosphonate and diallyl phenylphosphonate 
showed that it was not necessary to apply a correction factor. 

The intrinsic viscosities of some of the copolymers of lauryl methacrylate 
and diallyl phenylphosphonate were measured in decalin. The average 
molecular weights of some of these copolymers were measured by light scat- 
tering in bromobenzene solution. 
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The infrared spectra of the LMA-DABP and LMA-DAPP copolymers 
gave no evidence for double bonds and the polymers did not react with 
bromine. 


c. Calculation of the Reactivity Ratios 


The yield did not exceed 20% in these copolymerizations and the reac- 
tivity ratios were calculated by the method of Fineman and Ross"! [eq. (5) ]: 


Ff — 1)/f = nF ,*/f — re (5) 


The use of this equation is justified in spite of the high conversion because 
the phosphorus content of each of the copolymers that is formed is fairly 
constant up to near 20% conversion as a result of the choice of monomer 
starting ratios (see Fig. 8). A correction has been made for finite conver- 
sion. In eq. (5) r; is the monomer reactivity ratio of LMA relative to the 
phosphorus-containing monomer and 72 is the monomer reactivity ratio of 
the phosphorus-containing monomer to relative to the LMA; f is the molar 
ratio of the LMA units to the phosphonate units in the polymer, and F, 
is the average value of the molar ratio of LMA to the phosphonate in the 
monomer mixture. The value of F, is given by eq. (6): 


Fa = [2(M1)o — m]/[2(M2)o — ma] (6) 


where (M/;)o is the number of moles of LMA at the start of the copolymeriza- 
tion and m, is the number of moles of LMA units in the copolymer that 
is isolated. (M2) and m: refer to the phosphonate in the same way. 

The best fit for the Fineman and Ross plot was found by the method of 
least squares, and in applying this method we have assumed that the vari- 
able F,(f — 1)/f (plotted along the abscissa) is free from error. 

The experimental results are summarized in Tables I, II, and III, and 
the Fineman and Ross plots are shown in Figures 1, 2, and 3. 


d. Calculation of the Variation of Copolymer Composition with Conversion 


The composition of the polymer formed at any instant is related to the 
composition of the monomer mixture by eq. (7). 


fi = [F2(n — 1) + Fil/[F2(m + re — 2) + 2Fi(1 — re) + 2] (7) 


where /f; is the molar fraction of LMA in the polymer when F, is the corre- 
sponding molar fraction of LMA in the monomer mixture. This equation 
was used to calculate the copolymer composition curves (Figs. 4-6). The 
variation of the polymer composition with conversion was calculated by 
Skiest’s method! [eq. (8) ]: 


C = 1-— exp {Sih dFi/(i — Fy} (8) 


where C is the per cent molar conversion, F is the mole fraction of monomer 
A (LMA) in the monomer mixture at conversion C, f; is the corresponding 
mole fraction of monomer A in the polymer, and (F)» is the mole fraction 
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of monomer A in the monomer mixture when C = 0, f, and F, are related by 
eq. (7). 

This equation relates the composition of the polymer formed at the 
instant when the conversion is C to this conversion. Generally it is of more 


=. 
-~ 
¢ 
J 
-— 
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0-1 2 0-2 0:3 
Fi /f 


Fig. 1. Determination of 7: and rz by the Fineman and Ross method for the co- 
polymerization of lauryl methacrylate and diallyl phenylphosphonate (r: = 19.5 + 1.8, 
rz = 0.072 + 0.22). 


interest to relate the overall composition of all of the polymer formed up to 
conversion C to the conversion. The equation for this has been given’ 
and is used here in a rearranged form [eq. (9)|. This equation may be 
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F, (f—1)/f 


0-3 


02 » 
F,/f 


Fig. 2. Determination of r; and rz by the Fineman and Ross method for the copolymer- 
ization of lauryl methacrylate and diallyl butylphosphonate (r; = 18.7 + 0.11, 1 = 
0.091 + 0.02). 


applied to the copolymerization of any pair of monomers, A and B, where 
monomer B contains an atom or atoms which are not present in monomer A. 


x = {1 — (Fo — (1 — F))[1 — (C/100)]}100Wn/{ (Wi — We) [(Fi)o — 
(F:)] + (C/100)[(W: — W2)(F:) + W2]} (9) 


Here zx is the weight-per cent of that atom contained only in monomer B, 
W is the atomic weight of this atom, and n is the number of these atoms in 
one molecule of the monomer B. In our case z is weight-per cent of phos- 
phorus and 100Wn becomes equal to 3098. W, and W; refer to the molec- 
ular weights of monomers A and B, respectively. 


3. DISCUSSION 


The results of the reactivity ratio determinations are summarized in 
Table IV. The phosphonates are not very active for copolymerization 
with LMA, and the copolymers contain far larger proportions of LMA 
than the monomer mixtures. The extent of this is shown clearly by the 
copolymer composition curves (Figs. 4-6). DAPP and DABP have similar 
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Fig. 3. Determination of 7; and rz by the Fineman and Ross method for the co- 
polymerization of lauryl methacrylate and diethyl allylphosphonate (r; = 52.5 + 1.8, re 
= 0.066 + 0.06). 


activities for copolymerization with LMA, and this reactivity is much larger 
than that of DEAP. For the systems involving a bifunctional phosphorus 
compound it is possible to calculate the monomer reactivity ratios of LMA 
towards one of the allyl groups in these compounds (R;) and the reactivity 


TABLE IV 
Reactivity Ratios for the Copolymerization of Lauryl Methacrylate (M;) with 
Phosphonate Monomers (M2) at 80°C. 








95% Confidence 95% Confidence 
limits of mean limits of mean 
M: re value of 7: ro* value of 72 








DAPP 19.5 +3.6 0.072 +0.44 
DABP 18.7 +0.2 0.091 +0.04 
DEAP 52.5 +3.6 0.066 +0.12 


® Here r; and rz are reactivity ratios of LMA relative to B monomer and of B monomer 
relative to LMA, respectively. 
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MOLE FRACTION OF LMA IN FEED (F,) 


Fig. 4. Copolymer composition curve for the copolymerization of lauryl methacrylate 
and diallyl phenylphosphonate at 80°C.: ( ) calculated curve for 7; = 19.5, re = 0.072 
(©) experimental results of low conversion polymerizations. 
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Fig. 5. Copolymer composition curve for the copolymerization of lauryl methacrylate 
and diallyl butylphosphonate at 80°C.: (———) calculated curve for r; = 18.7, rz = 


0.091; (©) experimental results of low conversion polymerizations. 





MONOMERS CONTAINING PHOSPHORUS. PART I 


° 
on 


MOLE FRACTION OF LMA IN POLYMER (f) 
° 
af 


° 
nr 


0-2 0-4 0-6 08 
MOLE FRACTION OF LMA IN FEED (FY) 


Fig. 6. Copolymer composition curve for the copolymerization of lauryl methacrylate 
5 


and diethyl allylphosphonate at 80°C.: ( ) calculated curve for 7; = 52.5, re = 
0.066; (©) experimental results of low conversion polymerizations. 


ratios of the allyl group relative to the LMA (R,) by means of eq. (3) and (4). 
These results are listed in Table V. 

The values in Table V indicate that LMA has less tendency to copoly- 
merize with an allyl group in DEAP than with the allyl groups in DAPP 
and DABP. The difference is probably due to the difference in activity of 
an allyl group bonded directly to a phosphorus atom (as in DEAP) and one 
bonded via an oxygen chain (as in DAPP and DEAP). 

The reactivity ratios for the copolymerization of DEAP with LMA 
are similar to those recorded for the copolymerization of allyl chloride and 
methyl methacrylate. '*.5 


TABLE V 
Reactivity Ratios for the Copolymerization of Lauryl Methacrylate (M,) with 
Phosphonate Monomers (M2) at 80°C. 


M2 Rs Rs 


DAPP 39 0.036 
DABP 37.4 0.046 
DEAP 52.5 0.066 


® Here RF, and R; are reactivity ratios of LMA relative to the allyl group in monomer B 
and for the allyl group in B relative to LMA, respectively. 
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There is no evidence for double bonds in the LMA—DAPP and LMA- 
DABP copolymers, and it appears that both allyl groups in the DAPP and 
DABP are involved in the copolymerization. It is possible that diallyl 
phosphonate monomers propagate by a cyclic mechanism as suggested 
by Berlin and Butler’® for the polymerization of diallyl phenyl phosphine 
oxide. 

The composition of the copolymer formed at any instant changes 
as the polymerization proceeds and the nature of the variation has been 
calculated by the method described by Skiest.'* The results are illustrated 
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Fig. 7. Instantaneous polymer compositions at different molar conversions for dif- 
ferent starting mixtures for the copolymerization of lauryl methacrylate and diallyl 
phenylphosphonate at 80°C. 


in Figure 7. These calculations show that on polymerizing to 109% con- 
version the chemical composition of the copolymer will be far from homo- 
geneous. The treatment described by Skiest enables one to predict the 
composition of the copolymer formed at any conversion. Generally one is 
more interested in the variation of the average composition of all of the 
polymer. A formula for this calculation is given in eq. (9). The results 
of this calculation are shown in Figure 8, where the average phosphorus 
content of all of the copolymers formed in the LMA—DAPP system has been 
plotted against conversion. 

The intrinsic viscosities and molecular weights of some of the LMA- 
DAPP copolymers have been measured and these are recorded in Table 
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PHOSPHORUS, 
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Fig. 8. The variation of total phosphorus content of polymer with molar conver- 
sion for the capolymerization of lauryl methacrylate and diallyl phenylphosphonate at 
80°C. 


VI. It is evident that there is a general increase in the molecular weights 
and intrinsic viscosities of the polymer as the phosphorus content decreases. 


TABLE VI 
Molecular Weights-and Intrinsic Viscosities of LMA-DAPP Copolymers 


decali il. /g. 
[n] In decalin, dl. /g Phosphorus in 


At 37.8°C. At 98.9°C. polymer, % M 


0.27 0.31 
0.23 wt 
0.35 0.41 
0.35 — 
0.33 0.37 
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Résumé 


Les rapports de réactivité pour la copolymérisation du méthacrylate de lauryle 
(LMA) avec le phosphonate de diallyl-phényle (DAPP), le phosphonate de diallyl- 
butyle (DABP) et le phosphonate de diéthyl-allyle (DEAP) respectivement, one été 
mesurés 4 80°. Aucun des phosphonates n’est actif pour la copolymérisation avec LMA 
mais le DAPP et le DABP ont des activités similaires qui sont plus élevées que celle 
du DEAP. Le changement observé, en fonction du taux de conversion, dans la com- 
position des copolyméres LMA-DAPP formé a chaque instant a été calculé au moyen 
de l’équation de Skiest et les calculs ont été développés pour montrer le changement dans 
la composition globale du copolymére en fonction du taux de conversion. On a mesuré 
les viscosités intrinséques ainsi que les poids moléculaires pour certains copolyméres 
LMA-DAPP et on a trouvé que ces valeurs dépendaient de la teneur en phosphore des 
copolyméres. 


Zusammenfassung 


Die Reaktivititsverhiltnisse fiir die Copolymerisation von Laurylmethacrylate 
(LMA) mit Diallylphenylphosphonat (DAPP), Diallylbutylphosphonat (DABP) und 
Diathylallylphosphonat (DEAP) wurden bei 80° gemessen. Keines von den Phospho- 
naten ist in der Copolymerisation mit LMA aktiv. DAPP und DABP besitzen eine 
ahnliche Aktivitit, die grosser ist als die von DEAP. Die Abhingigkeit der Zusam- 
mensetzung des zu einem bestimmten Zeitpunkt gebildeten LMA-DAPP-Copolymeren 
vom Umsatz wurde nach der Gleichung von Skiest berechnet und die Berechnung auf die 
Bestimmung der Abhingigkeit der Bruttozusammensetzung des Copolymeren vom 
Umsatz ausgedehnt. An einigen LMA-DAPP-Copolymeren wurden Viskosititszahlen 
ausgedehnt. An einigen LMA-DAPP-Copolymeren wurden Viskosititszahlen und 
Molekulargewichte gemessen und diese Werte erweisen sich als vom Phosphorgehalt der 
Copolymeren abhiingig. 


Received September 15, 1962 
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Monomers Containing Phosphorus. Part II. 


Copolymerization of Diallyl Phenyl Phosphine 


Oxide with n-Lauryl Methacrylate 


K. I. BEYNON, Shell Research Limited, Thornton Research Centre, 
P. O. Box 1, Chester, United Kingdom 


Synopsis 


Monomer reactivity ratios have been measured for the copolymerization of n-lauryl 
methacrylate with diallylphenylphosphine oxide at 80, 110, and 140°C. The n-lauryl 
methacrylate is far more reactive in the copolymerization than the diallylphenylphos- 
phine oxide. The reactivity ratios at 140°C. as calculated by the Mayo and Walling in- 
tegrated equation vary with the composition of the starting mixture in the copolymeriza- 
tion, and the value of r2 is significantly negative. These effects are explained by the ex- 
istence of a penultimate group effect produced by diallylphenylphosphine oxide. 


1. INTRODUCTION 


In a previous publication! the copolymerization of n-lauryl methacrylate 
(LMA) with diallyl phenylphosphonate, diallyl butylphosphonate, and 
diethyl allylphosphonate at 80°C. has been described. These phosphonates 
are not very active for copolymerization with LMA, and the copolymeriza- 
tion of diallylphenylphosphine oxide (I) (DAPPO) with lauryl methacrylate 
has now been investigated. 


(1) 


The effect of temperature on the copolymerization of these monomers has 
also been studied. 


2. EXPERIMENTAL 


a. Monomers 


Diallylphenylphosphine oxide was prepared in 80% yield from allylmag- 
nesium bromide and phenylphosphonic dichloride. The crude reaction 
product was twice distilled under a vacuum to give a colorless product, m.p. 
54°C., b.p. 1385-137°C. at 2 mm. (Cale. for CHyPO: P,15.0%; found: P, 
15.0%). Berlin and Butler? record a melting point of 48-50°C. The 
phosphine oxide was hygroscopic, and it was stored and handled under dry, 
oxygen-free nitrogen. The molecular weight of diallylphenylphosphine 
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oxide was measured by ebulliometry in benzene solution. The measure- 
ments were made at ten concentrations between 0.075 g./100 ml. and 0.45 
g./100 ml., and the molecular weight was found to be 200 + 2% at all con- 
centrations (theoretical 206). There is thus no evidence of association of 
the monomer in benzene solution. 

The preparation and analysis of the lauryl methacrylate has been de- 
scribed previously.! 


b. Copolymerization Procedure 


The procedure for the copolymerization and the isolation and analysis of 
the copolymers was similar to that described previously,! apart from a few 
exceptions. The volume of benzene as solvent was increased to 12 ml. from 
5 ml., the molar concentrations of initiator were different, and the polymer- 
izations were carried out at 110 and 140°C. as well as 80°C. The experi- 
mental results are summarized in Tables I-III. 

The precipitation technique for isolating the copolymers was checked in 
the following manner. A copolymerization of lauryl methacrylate (0.0176 
mole) and diallylphenylphosphine oxide (0.0399 mole) was carried out at 
80°C. The reaction mixture was added to ethanol containing a small 
amount of quinol, and the copolymer was purified by successive precipita- 
tion from benzene solution with ethanol. All of the supernatant liquids 
were combined and were concentrated to 20 ml. by distillation under a 
vacuum. This solution was percolated through a column containing silica 
gel (75 g.). The column was eluted with benzene, with benzene—ether and 
finally with ether. Fractions of 25 ml. were taken, and a small amount of 
quinol was added to each before the solvent was removed by distillation. 
The silica gel was extracted with hot ether and finally with methanol in a 
Soxhlet apparatus, and the solvents were removed by distillation. Many 
of the fractions were bulked before the removal of the solvent. Analysis by 
infrared spectrometry and by determination of the bromine number showed 
that the early fractions contained only lauryl methacrylate and quinol, later 
fractions contained only quinol, and the last fractions contained diallyl- 
phenylphosphine oxide and quinol. Much of the diallylphenylphosphine 
oxide remained on the silica gel and was only extracted on boiling with 
methanol. This was repeated for another copolymerization of lauryl meth- 
acrylate (0.0267 mole) and diallylphenylphosphine oxide (0.0311 mole); 
similar results were obtained, and no polymer could be detected in any of 
the fractions. In another series of experiments a copolymer of lauryl meth- 
acrylate and diallylphenylphosphine oxide was mixed with the monomers in 
benzene and the solution was percolated in a similar manner. Most of the 
copolymer (95%) emerged with the first fractions of lauryl methacrylate. 
From these studies it may be concluded that no significant amount of co- 
polymer was present in the supernatant solutions after precipitation of the 
polymers with ethanol. The monomer mixtures for these copolymeriza- 
tions contained 53 and 70 mole % diallylphenylphosphine oxide, respec- 
tively, and the copolymers contained 0.98 and 1.40% phosphorus, respec- 
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tively. It is considered that the precipitation procedure is satisfactory for 
copolymerizations involving up to 70-80% of diallylphenylphosphine oxide. 


c. Homopolymerization Procedure 


Diallylphenylphosphine oxide was polymerized by heating the monomer 
for 24 hr. at different temperatures. The reaction conditions are sum- 
marized in Table IV. 


TABLE IV 
Homopolymerization of Diallylphenylphosphine Oxide 


Reaction 
temperature, Polymer 
Solvent Initiator (0.5 mole-%) me: yield, %* 


Dioxane Di-tert-buty] peroxide 100 26 

Diethylene Cumene hydroperoxide 130 86 
glycol 

Diethylene Cumene hydroperoxide 194 91 
glycol 


* The polymer was precipitated as a white powder by pouring the reaction mixture into 
a large excess of water. 


Fig. 1. Determination of r; and rz for the copolymerization of LMA (M,) and DAPPO 
(M2) at 80°C. (7, = 18.1 + 0.14, re = —0.011 + 0.013). 
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d. Calculation of the Reactivity Ratios 


The yields of polymer from most of the experiments were greater than 
20% and the integrated copolymerization equation’ [eq. (1)] was used to 
calculate 7; and r.. The values of r; and r2 were calculated for each of the 
experiments at 80, 110, and 140°C. (Tables I-III) for p = —10, —20, and 
—30, by use of a computer. 

% = (log [(M2)o/M2] wed 1/p log [1 — M,/M,})/[1 —- (M1)o/(Mz2)o]}) 
/(Qog [(M1)o/M,] + log { [1 — p M,/M2]/[1 — p (M;)o/(M2)o}}) (1) 


where 


p= 1 =~ /(h — 1) 


and (M;)o and (M2)> are the moles of LMA and DAPPO at the start of the 
copolymerization and M, and M; are the corresponding values when the 
copolymerization is terminated. Each experiment will provide three pairs 
of values for 7; and r2, and these give a straight line plot when 7, is plotted as 
abscissa and 72 as ordinate (Figs. 1-3). The best value of the intersection of 
the lines in Figures 1-3, respectively, has been found as follows. Inter- 


Fig. 2. Determination of 7; and rz for the copolymerization of LMA (M,) and DAPPO 
(M.2) at 110°C. (m1 = 11.1 + 0.4, re = —0.013 + 0.025). 
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sections between lines of similar slope were neglected whether these were in 
the region of most of the other intersections or not. Intersections between 
lines of different slope were used in the subsequent calculations unless the 
intersection was a rogue value. The best value of r; and rz and the cor- 
responding standard deviations were then found statistically. 


Fig. 3. Determination of r; and rz for the copolymerization of LMA (M,) and DAPPO 
(M2) at 140°C. (r; = 5.59 + 0.24, re = —0.089 + 0.022). The numbers refer to the ex- 
periment numbers given in Table V; the letters a, b, c are explained in the text. 


For the copolymerization at 140°C. there were sufficient low conversion 
experiments to permit use of the Fineman and Ross method‘ [eq. (2)] for 
calculating r; and re. 


FAS — /f = nFo/f — 1 (2) 


where F, is the value of (17;)o/(M2)o corrected for finite conversion! and f is 
the value of molar ratio of LMA units to DAPPO units in the polymer that 
is isolated. This method was used for those polymerizations where the 
yield did not exceed 20% (experiments 91-93, 95, 98, 99, 100, and 103 in 
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Table III). A correction was made to allow for the change in the composi- 
tion of the monomer mixture during the copolymerization. 
The Fineman and Ross plot is shown in Figure 4. 


02 
F2/f 


Fig. 4. Determination of r; and re by the Fineman and Ross method for the copoly- 
merization of LMA and DAPPO at 140°C. (r: is the slope of the line and rz is its intercept 
on the ordinate): The shaded points (@) correspond to experiments 90, 94, and 101 of 
Table III and were not used for the calculation of r; and rz by the Fineman and Ross 
method as the yields exceeded 20%, but they are included in Fig. 8. 


e. Calculation of the Variation of the Monomer Reactivity 
Ratios at 140°C. 


The experiments at 140°C. were divided into three groups (a, b, c) de- 
pending on the molar ratio of LMA and DAPPO at the start of the poly- 
merization. The experiments in Group a (experiment numbers 87, 89, 90, 
91, 94, 96, 101, and 102 in Table III) contained between 54 and 92 mole-% 
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LMA at the start of the polymerization. The experiments in Group b 
(experiment numbers 92, 97, 98, 100) contained between 39 and 46 mole-% 
LMA initially. The experiments in Group c (experiment numbers, 93, 95, 
99, and 103) contained between 27 and 37 mole-% LMA initially. The 
group classifications are also indicated in Figure 3. The reactivity ratios 
were then calculated from Figure 3 by considering only intersections be- 
tween Group a experiments and Group b experiments. These reactivity 
ratios are called r,31 and r231. The reactivity ratios were then calculated by 
considering intersections between Group b experiments and Group c experi- 
ments and these reactivity ratios are called r,, and ro. The reactivity 
ratios calculated previously (r; and r2) can be considered as 7,,, and 12,,,, 
although in calculating 7; and r2 at 140°C. intersections between some lines 
within Group a were considered where the slopes of these lines were quite 
different. 


3. DISCUSSION 


The values of the monomer reactivity ratios are summarized in Table V. 


TABLE V 
Monomer Reactivity Ratios for the Copolymerization of Lauryl Methacrylate (M,) and 
Diallylphenylphosphine Oxide (M2) 


Polymerization 95% confidence 95% confidence 
temperature, limits of limits of 
“oC. ri mean value r; re mean value of r2 


80 18.1 +0.4 —0.011 +0.013 
110 aaa +0.4 —0.013 +0 .025 
140 5.59 +0.24 —0.089 +0 .022 

6.74" +0.81 —0.48 +0.028 


* These values were calculated by applying the Fineman and Ross‘ method to the re- 
sults of low conversion experiments; the other values were calculated by applying the 
integrated form of the copolymerization equation to the results of low conversion and high 
conversion experiments. 


The reactivity ratios quoted here are of LMA relative to the DAPPO 
molecule (r;) and of the DAPPO molecule relative to LMA (r2). The differ- 
ence between such monomer reactivity ratios and those which are relative 
only to the functional group in the difunctional comonomer have been dis- 
cussed previously.! 

The results show that LMA is far more reactive for polymerization than 
DAPPO. The copolymers will contain a much larger molar fraction of 
LMA than the monomer mixture and this is illustrated in Figures 5-7. 
The reactivity ratios at 140°C. calculated by use of the high conversion 
theory are similar to those calculated by the Fineman-Ross method. The 
value of r; decreases as the reaction temperature increases, and this is in 
accordance with the results of other workers**.* who have found that mono- 
mer reactivity ratios tend to approach unity at elevated temperatures. 
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Fig. 5. Copolymerization of LMA and DAPPO at 80°C.:  ( ) ealeulated from 
the experimental results by high conversion theory; (©) results of low conversion experi- 
ments (7; = 18.1, re = —0.011). 


The monomer reactivity ratio r2 for the copolymerization at 140°C, is 
significantly negative. This should not be possible. The values of r2 at 80 
110°C. are also negative, but the confidence limits are sufficiently wide to 
encompass positive values. Furthermore, a detailed analysis of the experi- 
mental results at 140°C. shows that the monomer reactivity ratios, 7, and 
re, vary significantly with the composition of the monomer mixture. The 
values, 7; = 5.59 + 0.24, re = 0.089 + 0.022, are overall values calculated 
from the experimental results of experiments with between 20 and 95% of 
lauryl methacrylate in the monomer mixture. 


TABLE VI 
Effect of the Composition of the Monomer Mixture on the Monomer 
Reactivity Ratios at 140°C. 


Range of 
compositions of 
starting mixture 





covered, 
Monomer reactivity ratios mole-% LMA 
ry 5.59 + 0.24 re = —0.089 + 0.022 27-92 
Tia» 6.30 + 0.30 ro, = 0.002 + 0.03 ~39-92 
Tite 3.80 + 0.40 Tn. = —0.21 + 0.02 27-46 
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0-4 06 08 1 
F 
1 
Fig. 7. Copolymer composition curves for the copolymerization of LMA and DAPPO 
at 140°C.: (1) 7 = 5.59, re = —0.089, calculated by low conversion theory; (2) mn = 
6.74, re = —0.048, calculated by high conversion theory; (3) rig, = 6.3, T2,,, = 0.002. 
calculated by high conversion theory; (4) ry, = 3.80, r2,, —0.21, calculated by high 
conversion theory; (©) results of low conversion experiments. 


the feed exceeds a certain value. Thus, the curve representing the change 
of LMA content of the polymer with change of monomer composition passes 
through a minimum. The negative values of r. and also the variation of r; 
and r. with the composition of the monomer mixture are caused by some 
factor which operates so as to decrease the DAPPO contents of the copoly- 
mers when the DAPPO content of the monomer mixture is high. We must 
now consider what effects could lead to a decrease in the phosphorus content 
of the copolymer and which would be most marked when the phosphorus 
compound is present in excess in the starting mixture. Three possible 
explanations will be considered in turn: (/) inefficient precipitation of the 
copolymer from the reaction mixture; (2) loss of DAPPO units by depropa- 
gation during the reaction; (3) the existence of a penultimate group effect. 

It is possible that some of the volymer rich in phosphorus is not precipi- 
tated when the reaction mixture is added to ethanol. However, the super- 
natant liquids have been examined as described in the experimental section, 
and it seems that polymer rich in phosphorus is not lost in quantities which 
are sufficient to account for the anomalous results. 

The second possibility is that growing polymer chains ending in DAPPO 
units split off DAPPO units during the polymerization. Lowry’ has con- 
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sidered the effect of depropagation in this way on the copolymerization 
reaction, and his theory indicates that the effect becomes more pronounced 
as the ceiling temperature of the depropagating species is approached. 
Diallylphenylphosphine oxide was polymerized at 194°C., and a high yield 
of polymer was obtained (Table IV); this suggests that the ceiling temper- 
ature for the homopolymerization is very much higher than this. Thus, 
degradation reactions involving loss of diallylphenylphosphine oxide units 
are unlikely to play any significant part in the copolymerization at 140°C. 

The possibility of a penultimate group effect in the copolymerization has 
been considered and the theory of Barb* and Ham? has been applied If 
the effect of only the penultimate group is considered then eight propaga- 
tion reactions are possible [eqs. (3)—(10) |: 


A 


k 
-+A—>-A-A 


B 


k 
-+B—-A-A 


‘app 


-+B—-B-B 


k. 
-+A—> —B-B 


KBAA 


+ A— B A 


‘pap 


A-+B—-B-A-B: 


‘app 


B-+B—-A-—B-—B- 


FABA 


—-A-—-B-+A—-—-A-—B-A-: (10) 
The four reactivity ratios are defined in eqs. (11)—(14): 
= Kaaa/kaas (11) 
= Kpaa/kpas (12) 
= Kppp/kppa (13) 
= kasp/kapa (14) 


The simplest case occurs when monomer B will not add to itself [eqs. (5) 
and (9)] so that rz = r’, = 0. Barb® showed that under these conditions 
the copolymerization equation may be written as 


(f—1) = rF + nP)/( + 14) (15) 


where f is the ratio of moles of A units to B units entering the polymer when 
F is the ratio of moles of monomer A to monomer B in the reaction mixture. 
The plot of equation 15 has a slope equal to r’; at F = 0 and a slope equal 
tor, at F = o. This curve has been plotted for the low conversion poly- 
merizations at 140°C. and is shown in Figure 8. From this curve it is seen 
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Fig. 8. Composition of lauryl methacrylate—diallylphenylphosphine oxide copoly- 
mers at 140°C.: (©) results of experiments where the yield was less than 27% (r: = 6.3, 
r', ~ 20, re = r’2 = 0). 


that the values 7; = 6.3; r’: ~20; re = r’2 = O can describe the system, 
although there is considerable scatter about this line. The value of r’; can- 
not be determined with any accuracy, for there were no results available for 
values of F less than 0.2 because of the difficulties encountered with the 
copolymerization in this region. However, the best fit of the points indi- 
cates that 7; is less than r’;, and the differences arise from the effect of a 
penultimate DAPPO unit. The apparently negative r. values and the 
variation of r; and r, with composition which are observed when applying 
the simplified copolymerization theory’ to the system can thus be explained 
in principle by the existence of a penultimate group effect, and it is necessary 
to use the more refined theoretical treatment developed by Barb* and Ham.°® 
Further experimental work would be necessary, however, to be able to 
obtain accurate values for 7, 7/1, 72, and r’s. 
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Résumé 


On a mesuré les rapports de réactivité des monoméres pour la copolymérisation du 
méthacrylate de n-lauryle avec l’oxyde de diallylphénylphosphine 4 80°, 110°, et 140°C. 
Le méthacrylate de n-lauryle est beaucoup plus réactif lors de la copolymérisation que 
l’oxyde de diallylphénylphosphine. Les rapports de réactivité & 140°C, calculés a 
partir de l’équation intégrée de Mayo et Walling varient avec la composition du 
mélange de départ et la valeur de rz est négative. Ces effets sont expliqués par |’existence 
d’un effet du groupement pénulti¢me produit par l’oxyde de diallylphénylphosphine. 


Zusammenfassung 


Monomer-Reaktivititsverhiltnisse fiir die Copolymerisation von n-Laurylmethacrylat 
mit Diallylphenylphosphinoxyd bei 80°, 110°, und 140°C wurden gemessen. Das n- 
Laurylmethacrylat ist bei der Copolymerisation weitaus reaktionsfihiger als das Diallyl- 
phosphinoxyd. Die nach der integrierten Gleichung von Mayo und Walling berechneten 
Reaktivititsverhiltnisse bei 140° zeigen eine Abhingigkeit von der Zusammensetzung 
der Ausgangsmischung und der Wert von rez liegt merklich negativ. Diese Effekte 
lassen sich durch das Vorhandensein einer durch Diallylphenylphosphinoxyd als vorletzte 
Gruppe ausgeiibten Wirkung erkliren. 
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ESR Study of Irradiated Acrylic Acid and Reaction 
of the Produced Radical 


YUJI SHIOJI,* SHUN-ICHI OHNISHI, and ISAMU NITTA, Osaka 
Laboratories, Japanese Association for Radiation Research on Polymers, 
Neyagawa, Osaka, Japan 


Synopsis 


A single crystal of acrylic acid CH-=—CH—COOH was irradiated at —196°C. and 
its ESR spectrum was measured at that temperature with various crystal orientations 
with respect to the externa] magnetic field. At —196°C. the spectrum appears as a 
double quartet, the doublet showing anisotropy. By analyzing the spectrum, the 
hyperfine coupling tensor was derived. The result showed that the radical was CH;— 
CH—COOH produced by hydrogen addition to the double bond. Referring to the 
molecular orientation of acrylic acid in the crystal, it was found that the radical was 
oriented in the crystalline lattice in the same way as the undamaged molecule. When 
the temperature was raised from — 196°C. the double quartet spectrum began to decay 
at —100°C., and there remained a triplet spectrum showing no anisotropy. The triplet 
may be attributed to a propagating type radical ~*CH:—CH(COOH). In order to 
compare the ESR result with polymerization process, monomer preirradiated at — 196°C. 
was postpolymerized at various elevated temperatures. It was found that although 
the radical decayed at —78°C. no discernible polymer was obtained at that temperature. 
These results suggest that, although the radical can move and be reactive at —78°C. 
which is far below the melting point, it does not seem sufficiently mobile to permit 
growth of the propagating chain to any observable extent. 


INTRODUCTION 


Recently many interesting studies have been made of the ESR spectra 
of free radicals produced in organic single crystals.'~* Analysis of the 
anisotropy of the spectra gives the hyperfine coupling tensor which makes 
definite identification of the free radicals possible and also informs us of 
their structure and orientation in the host crystals. We have studied the 
free radical produced by high energy irradiation in single crystals of acrylic 
acid (CH.-CH—COOB) of already known crystal structure and analyzed 
the anisotropy of ESR spectrum. 

On the other hand, the solid-state polymerization has become more and 
more a matter of concern for workers®—"' in the field of radiation chemistry, 
and many studies have been reported thereupon. We have tried to see if 
one can correlate the behavior of the free radical in acrylic acid with the 
polymerization reaction. The reaction of the free radical in this substance 
caused by increasing temperature has been followed by observing the 
change in the ESR spectrum and the change in anisotropy of the spectrum, 


* On leave from Sumitomo Chemical Co., Ltd., Japan. 
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which might be related to the partial disorder due to progress of the re- 
action, has also been examined. 


EXPERIMENTAL 


Material 


Commercial acrylic acid was distilled at a reduced pressure (31°C./8.5 
mm. Hg). Single crystals in long prisms can be easily obtained by keeping 
the substance slightly below its melting point (11°C.). According to the 
x-ray results of Nitta et al.,5 the crystal is orthorhombic (a = 11.68 A., 
b = 10.06 A., c = 6.38 A.) and contains eight monomer molecules in two 
different sites in the unit cell (see Fig. 1). A sketch of the cross section 


unit cell 


crystal 
sais 
Ho 


Set Position 


Fig. 1. Sketch of the cross section perpendicular to the long airection of the single 
crystal of acrylic acid, showing the relative positions of the prismatic faces with respect 
to the unit cell. 


perpendicular to the long direction (the c axis) is given in Figure 1, showing 
the relative positions of the prismatic faces with respect to the unit cell. 
In the present investigation, three orthogonal axes, x, y, and z will be used 
as shown in Figure 1, z parallel to the c axis, x parallel to the [110] direction, 
and y perpendicular to both x and z axes. 


Irradiation 


Evacuated samples were irradiated with electron beam from a Van de 
Graaff accelerator (1.5 m.e.v., 100 wa., 1.5 & 105 rad/sec) or y-rays from 
a Co® (600 C.; 5 X 10° r/hr.) source. No essential difference was ob- 
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served in the ESR result for these irradiations. For the purpose of trapping 
the primary radicals, all samples were irradiated at — 196°C. 


ESR Measurement 


A Varian Model V-4500 spectrometer (X band) was used. Spectra 
were measured at — 196°C. with the use of the liquid nitrogen accessory and 
in the range of —185 to —60°C. with the use of the variable temperature 
accessory. The angular dependence of the spectrum was measured about 
the x, y, and z axes at 5—-10° intervals. 


NMR Measurement 


NMR spectra of unirradiated acrylic acid were measured as a function 
of temperature with the JNM-3 type spectrometer (30 Mcycles) of Japan 
Electron Optics Laboratory Co., Ltd. 


Polymerization 


In order to investigate the ESR data in reference to polymerization, we 
studied the postpolymerization in the range of temperature from —78 to 
0°C. After polymerization, unreacted monomers were extracted with 
acetone at — 78°C. and the polymer dried in vacuo at 50°C. 


RESULTS AND DISCUSSION 


1. Angular Dependence of the ESR Spectrum in the xy Plane 


The ESR spectrum of the irradiated crystal was measured at —196°C. 
as a function of various angular orientations of the sample in the magnetic 
field. Some typical spectra obtained in the xy plane are shown in Figure 
2. In other orientations, in the yz and xz plane, the spectrum did not show 
such marked angular dependence. Some examples of the spectra in the 
three basic orientations (Hy || x, Ho || y, Ho | z) are depicted in Figure 3. 
On examination of Figure 2, it can be easily concluded that the main feature 
of the spectrum is a double quartet, the doublet splitting being largely 
dependent on the sample orientations with respect to the external field 
(from 9.4 to 31.7 gauss). The intensity ratio of the quartet is nearly 
1:3:3:1, and the splitting value is affected slightly by the crystal orienta- 
tion in the field (from 22.3 to 28.1 gauss). These observations suggest that 
the free radical giving the spectrum has an a-proton and three equivalent 
6-protons and may be CH;—CH—COOH. The hyperfine splitting value 
in the zy plane of the a-proton was plotted against the angle @ between 
the z-axis and the external field (solid curve Fig. 4). The result shows the 
angular dependence to obey the form (3 cos* 6 —1) as expected from the 
theory. The quartet also showed a slight but definite angular dependence 
and the change in the coupling constant with the angle ¢ was also plotted ir, 
Figure 4 (dotted curve). As is noticed in the figure, there seem to be two 
sets of curves of the same shape and having phase difference 60° with each 
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Angular dependence of the ESR spectrum of irradiated acrylic acid in x-y 
plane at —196°C.: (a) ¢= 35° (Ha = 31.7 gauss, Hg: = 16.6 gauss, Hg, = 26.6 gauss); 
(b)@ = 80° (Ha = 20.9 gauss, Hg: = 23.0 gauss, Hg, = 27.4 gauss); (c)¢ = 125° (He = 
9.4 gauss, Hg, = 23.8 gauss, Hg, = 23.8 gauss). The sample was irradiated at — 196°C. 
with electron beam at a dose of 3 Mrad. @ is the angle between the z axis and the direc- 


tion of the magnetic field. 


Fig. 2. 
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other. This indicates the existence of two sets of the quartet. Such find- 
ings may be reasonably understood if we examine the crystal structure of 
acrylic acid. As shown in Figure 1, there are two kinds of C.-C, directions 
having an angle difference 60° or t — 60°. At @ = 35° + (n/2), both 


(¢) 


Fig. 3. The ESR spectra of irradiated acrylic acid at — 196°C with respect to orthog- 
onal system (z, y, z): (a) x || Ho (Ha = 24.2 gauss, Hg, = 28.4 gauss, Hg, = 23.0 
gauss); (b) y || Ho (Ha = 16.6 gauss, Hg, = 22.1 gauss, Hg, = 27.4 gauss); (c) z || Ho 
(Ha = 23.7 gauss, Hg, = 22.1 gauss, Hg, = 22.1 gauss). 


C,-Cgz directions make the same angle to the external field, producing 
sharper lines (see I’ig. 2). 

In the present radical the methyl group seems to rotate more or less 
freely around the C,-Cg axis at temperatures as low as —196°C. It is 
interesting to note that Miyagawa and Itoh‘ obtained a similar radical 
CH,—CH—COO- from x-ray irradiated /-alanine in crystalline state. Their 
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Hol C-Ha(¢-=35°) 
(p=5° 


hf splitting (gauss) 


Set Positn. 


rot. angle (¢°) 


Fig. 4. Angular dependence of the hyperfine coupling constants in the z-y plane at 
—196°C. Here Hy 1 8; means that Hy is perpendicular to the Ca—Cg: direction. 


result, however, showed that the rotation of the methyl group did not 
take place at — 196°C, and began first from — 163°C. 
2. Hyperfine Coupling Tensor 


As is well known, the spin Hamiltonian can be written for the present 
case as 


x = —BSgH, + STI (1) 


where 8 is the Bohr magneton, g the spectroscopic splitting factor, Hy the 


external field, 7’ the hyperfine coupling tensor, and S and J the electron 
spin and nuclear spin momentum, respectively. Here the g anisotropy 
was taken to be negligibly small. To estimate the hyperfine coupling 
tensor from the experimental result we used for the moment an approximate 
solution (2) as follows: (Strictly speaking, the exact eigenvalue of the 
Hamiltonian should be used.) For the transition M, = 1/2 —1/2, 


Hn = M,(lmn)T{lmn} (2) 


Here 1, m, n, denote the direction cosines of Hy referred to the x, y, 2 or- 
thogonal system. The calculated tensor and the principal axes are given in 
Table I and Figure 5 for the a-proton. The result agrees fairly well with 
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Fig. 5. The hyperfine coupling tensor of the a-proton in the radical of acyrlic acid 
(CH;-CH-COOH). 


TABLE I 
The Hyperfine Coupling Tensor of the a-Proton in the Radical of Acrylic Acid 
(CH;—CH—COOH) 





Isotropic 
hf coupling tensor Principal value, gauss component, gauss 


—24.2 —10.6 +0.9 —24.2 
—10.6 —16.6 +3.3 —31.8 —21.5 





+0.9 +3.3 —23.7 —8.5 


those obtained by previous workers, '~‘ and, conversely, it can be concluded 
that the skeletal structure and the orientation of the CH;—CH—COOH 
radical in the crystal lattice will be practically the same as the structure 
and the orientation of the original undamaged molecule. 


3. Change of the ESR Spectrum with Temperature: Discussion in 
Comparison with Polymerization Data 


The free radical produced in acrylic acid was very stable at —196°C. 
At this temperature the radical concentration increased linearly with dose 
(see Fig. 6) and the G value of the radical production was estimated as 
about 1.2. 

When the temperature was raised from —196°C., first up to —100°C., 
the double quartet did not show any remarkable change, the intensity 
becoming slightly smaller (see Fig. 7). In the range from —100°C. to 
—80°C., the radical decayed quickly, and there remained a triplet (1:2:1) 
spectrum of the 24.5 gauss splitting, as shown in Figure 8. The triplet did 
not show anisotropy. Change of the spectrum at —78°C. was followed 
(see Fig. 8), the decay of the radical being shown in Figure 9. These re- 
sults suggest that some reaction of the mother radical occurs, and the 
orientation of the new radical becomes random in the temperature region 
mentioned above. As for the interpretation of the triplet spectrum, it may 
be possible to consider a propagating radical of the type ~CH,—CH- 
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(mol/g) 
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108 


Fig. 6. Concentration of the produced radical at —196°C. against dose. Irradiation 
with electron beam from a Van de Graaff accelerator (1.5 X 105 rad/sec). 


50 
Temp. cc) 


Fig. 7. Decay of the radicals in acrylic acid, mobility of the molecule in the crystal, 
and the rate of post-polymerization against temperature. Here [R] is the relative 
radical concentration; AH, and AH, are the relative line widths of two lines in the 
NMR spectrum, and #, is the rate of postpolymerization. 


(COOH), because some workers have observed a similar triplet spectrum in 
the course of polymerization of vinyl-type monomers.***!!_ For instance, 
Adler et al.* have observed that many solid vinyl monomers such as acryl- 
amide showed a triplet spectrum on irradiation, and they assigned the 
spectrum in a similar way. An additional experiment was carried out to 
define the species showing the triplet spectrum. Amorphous poly(acrylic 
acid) prepared by y-irradiation of a single crystal of acrylic acid was ir- 
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radiated with the electron beam at — 196°C. in vacuo, and its ESR spectrum 
was measured. The main feature of the spectrum consisted of five lines 
(splitting 24.5 gauss) of no anisotropy (see Fig. 10). On being kept at 
room temperature for 3 min., the radical decayed quickly, and there re- 


Fig. 8. Change of the ESR spectrum of irradiated acrylic acid at —78°C. The sample 
was irradiated at — 196°C. with a dose of 3 Mrad by electron beam. 


Storage time (min) at-78°C 


Fig. 9. Decay of the radical in acrylic acid at —78°C. of samples irradiated by electron 
beam at —196°C. to doses of (A) 3 Mrad and (©) 100 Mrad. 


a 5]gauss Fao 


room temp. 
ve min) 


Fig. 10. ESR spectrum of poly(acrylic acid) at —196°C. irradiated by electron beam 
and change in the spectrum after storage of the polymer for 3 min. at room temperature 
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Fig. 11. Arrhenius plot of the rate of postpolymerization of acrylic acid (©) after 
preirradiation at —196°C. with y-rays at a dose of 3 Mrad; (@) for the samples pre- 
treated at — 78°C. for 30 min. before the postpolymerization. 


Gog & (min) —™ 
Fig. 12. Plots of log (1/1—Y) vs. log ¢ at various temperatures _ r ( ) samples 


receiving no pretreatment and (--) samples pretreated at —78°C. _r 30 min. before 
the postpolymerization. 


mained a stable triplet (splitting 24.5 gauss) similar to the above-mentioned 
one obtained from the irradiated monomer. In this case the interpretation 
might be as follows. Two kinds of radicals are produced in the polymer at 
—196°C. The one showing the quintet spectrum is a —-CH,—C(COOH)— 
CH,;— radical produced as a result of a-hydrogen removal which decays 
quickly on warming. The other, showing the triplet, is a —CH,—CH- 
(COOH) resulting from main chain scission. 

In order to compare the ESR result with polymerization experiment, the 
monomer which had been preirradiated at —196°C. was postpolymerized 
in the range of temperature from —78°C. to0°C. Although the ESR data 
showed that the radical decayed quickly and the spectrum implying prop- 
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agating-type radical appeared in the range of temperature from —80 to 
—50°C., no polymer was precipitated in acetone on postpolymerization 
below —25°C. The precipitated polymer could be obtained practically 
above — 25°C. (see Fig. 11). We have made a kinetic analysis of the post- 
polymerization data by using Morawetz’s formulation which assumed the 
biradical termination mechanism in solid-state polymerization: 


in (1/1 — Y) = (kp/k,) In (1 + kyRol) (3) 


Where Y denotes the polymer yield, Rp is the initial radical concentration, 
t is reaction time, and k, and k, are rate constants of propagation and 
termination, respectively. The resulting plot of In (1/1-Y) against In ¢ 
gives a straight line (Fig. 12), thus showing that in the case of acrylic acid 
the polymerization proceeds by a radical mechanism. Another postpoly- 
merization experiment was carried out in which the preirradiated mono- 
mers at — 196°C. were at first stored at —78°C. for 30 min. As the ESR 
result mentioned above showed, the initiating radical changed completely 
to the propagating type by this treatment; also, the concentration of the 
radical decayed to about one-fifth. After this treatment the monomers 
were postpolymerized at various temperatures. The rate of polymerization 
was found to be quite the same as that obtained without pretreatment 
(Fig. 11). This result may suggest a low efficiency in conversion of the 
initiating radical to the propagating radical. 

A preliminary NMR measurement was made to see the correlation of the 
molecular motion with radical reactions. In Figure 7 is shown the NMR 
width versus temperature curve together with ESR-signal decay as well as 
postpolymerization data. At —100°C. narrowing of the NMR spectrum 
already took place to some extent. Above —100°C. there appeared two 
components in the NMR spectrum, and the widths of each component were 
designated as AH, and AH. The widths AH; and AH; remained essentially 
constant above —100°C. up to —25°C. This result suggests that any 
perceptible motion of the molecule does not begin to occur in addition in the 
temperature range from —100 to —25°C. On the other hand, in the tem- 
perature region from — 100 to —78°C., the ESR double quartet spectrum 
changed to the triplet, and this change was accompanied by a large decrease 
in the radical concentration. The postpolymerization data showed that 
the polymer was obtained almost completely above —25°C. From these 
results it may be inferred that, although the radical in the solid acrylic acid 
may move and be reactive in the temperature region —100 to —78°C., 
there seems to be insufficient mobility to permit its propagating chain to 
grow rapidly. 
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Résumé 


Un cristal unique d’acide acrylique CHx=CH—COOH a été irradié 4 —196°C et ona 
mesuré son spectre ESR A cette méme température sous diverses orientations du cristal 
vis-a-vis du champ magnétique extérieur. A —196°C le spectre fait apparaitre un 
double quadruplet, le doublet présentant une anisotropie. Par analyse du spectre, on a 
dérivé le tenseur de couplage hyperfin. Le résultat a montré que le radical CH;—CH— 
COOH est produit par addition d’hydrogéne 4 la double soudure. En rapport avec 
l’orientation moléculaire de |’acide acrylique dans le cristal, on trouve que le radical est 
orienté dans le réseau cristallin de la méme fagon que dans la molécule non-endom- 
magée. Lorsque la température estaugmentée depuis —196°C, le spectre du double 
quadruplet commence 4 diminuer 4 —100°C et est remplacé par un triplet ne mani- 
festant pas d’anisotropie. Le triplet peut étre attribué au radical ~~CH.—CH(COOH) 
responsible de la propagation. Dans le but de comparer les résultats ESR avec le pro- 
cessus de polymérisation le monomére préirradié 4 —196°C a été postpolymérisé 4 des 
températures élevées variées. I] est trouvé que bien que le radical disparaisse 4 — 78°C 
aucun polymére double n’est obtenu 4 cette température. Ces résultats sugtrent, que 
bien que le radical soit mobile et réagisse 4 —78°C, ce qui est de loin inférieur au point 
de fusion, sa mobilité ne semble pas suffisante pour provoquer une propagation de 
chaine en croissance observée. 


Zusammenfassung 


Ein Acrylsiure-(CH,—CH—COOH)-einkristall wurde bei —196°C bestrahlt und 
sein ESR-Spektrum bei dieser Temperatur unter verschiedenen Kristallorientierungen 
zum fusseren magnetischen Feld gemessen. Bei —196°C erscheint das Spektrum als 
Doppelquartett, wobei das Dublett Anisotropie zeigt. Durch eine Analyse des Spek- 
trums wurde der Tensor der Hyperfeinkopplung abgeleitet. Die Ergebnisse zeigten, 
dass das auftretende Radikal das durch Wasserstoffaddition an die Doppelbindung 
entstandene CH;—CH—COOH war. In Bezug auf die Molekiilorientierung von Acryl- 
siure im Kristall zeigte sich, dass das Radikal im Kristallgitter die gleiche Orientierung 
besass wie das unversehrte Molekiil. Bei einer ErhGhung der Temperatur iiber — 196°C 
begann das Doppelquartettspektrum bei —100°C zu verschwinden und ‘es blieb ein 
Triplettspektrum ohne Anisotropie bestehen. Das Triplett kann einem wachstums- 
fihigen Radikal »*CH.—CHCOOH zugeschrieben werden. Zum Vergleich der ESR- 
Ergebnisse mit dem Polymerisationsprozess wurde das bei —196°C vorbestrahlte 
Monomere einer Nachpolymerisation bei verschiedenen héheren Temperaturen unter- 
zogen. Obgleich das Radikal bei —78°C abreagierte, konnte doch bei dieser Temperatur 
kein messbares Polymeres erhalten werden. Die Ergebnisse lassen erkennen, dass das 
Radikal bei —78°C sich zwar bewegen und Reaktionen eingehen kann, dass aber seine 
Beweglichkeit nicht ausreicht um ein Anwachsen der Kette zu einem beobachtbaren 
Ausmass zu gestatten. 
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Interactions of Polyelectrolytes. A Turbidimetric 


Method for the Estimation of Ionized Polymers 


R. JOSEPHS* and J. FEITELSON, Department of Physical Chemistry, 
The Hebrew University, Jerusalem 


Synopsis 


The turbidity resulting from the interaction of protamine with negatively charged 
polymers in solution was adapted to the micro estimation of the latter. The influence 
of pH, salt concentration, and valency as well as protamine concentration and time 
dependence was investigated in the protamine—-polymethacrylic acid system and the 
optimal conditions for turbidimetry were established. Amounts of down to 2 X 1077 
monomoles of polymer were conveniently measured. The method is usable over a wide 
pH range but is sensitive to the added salt or buffer concentration. The changes in 
turbidity as a function of the above mentioned variables are qualitatively explained in 
terms of polyelectrolyte interaction complexes and screening of the aggregate charges 
by added electrolyte. The method was also tested for its applicability to the estimation 
of polyglutamic acid. 


INTRODUCTION 


The interaction of polyelectrolytes of opposite charge usually yields 
strong association complexes which form precipitates in all but the most 
dilute solutions. The conditions of precipitation depend upon a number 
of factors, the most important of which are the size and charge density of 
the interacting materials, their concentration, the composition of the sol- 
vent, and the salt concentration present. Often kinetic effects (aging) and 
metastable states also play a part in determining the type of precipitate 
finally formed. The theoretical evaluation of these factors is compli- 
cated, since not only interaction forces (enthalpy effects) but also charge 
distribution and configurational changes (entropy effects) and specific 
effects must be considered. 

It was found, however, that for practical purposes a satisfactory analyti- 
cal procedure could be developed based on the interaction between basic 
and acidic polyelectrolytes. 

For an analytical method based on turbidimetry to be useful a number of 
conditions must be fulfilled: (1) the procedure has to be sensitive enough 
to estimate micro amounts of polymer, (2) the results must be reproducible, 
if possible, under various conditions; (3) the measured turbidity should be 
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a linear function of concentration; (4) the turbidity should be independent 
of time over a sufficiently long period; (4) the procedure should be simple 
(ie., should not require accurate fixing of too many experimental con- 
ditions). 

In this study the reaction between polymethacrylic acid (PMA) and 
protamine is described under varying conditions of pH, salt concentration. 
valency of protamine counterions, and protamine concentration. After 
optimal conditions for PMA estimation were determined, another poly- 
anion, polyglutamic acid (PGA), was tested. 

A review of the physical and chemical properties of protamines has been 
published.’? At pH values below 11, protamine is a positively charged 
protein having a molecular weight in the neighborhood of 7000—9000.!~* 
Due to its high arginine content (of an estimated 58 amino acid residues 40 
are reported to be arginine’*) and consequent highly positive charge, 
protamines readily precipitate, sometimes stoichiometrically, macromole- 
cules which are negatively charged.*”’ This is probably due to reaction of 
protamine guanidino groups with macromolecule anionic groups. It 
therefore seemed profitable to adapt the reaction of protamine with 
negatively charged macromolecules to the quantitative estimation of 
polyanions. 

When PMA is added to a dilute protamine solution, a white colloidal 
dispersion results, the turbidity of which seems (by visual inspection) to 
reach a stable value after about 5 min. After several hours it is found 
that significant adhesion of the precipitate to the container walls occurs. 
This is accompanied by clearing of the solution. 


EXPERIMENTAL 


The experimental procedure consisted of adding aliquots of 0.01-0.06 ml. 
of a clear PMA solution (0.01N in base moles) to 5 ml. of protamine solu- 
tion (0.2 g./l.) and measuring the optical density 15 min. after addition of 
PMA. A plot of optical density against microequivalents of PMA added 
per 5 ml. of protamine solution yielded a straight line. These measure- 
ments of optical density (essentially transmittance measurements) were 
accurate enough and much easier to perform than the estimation of the 
scattered radiation. 


Materials 


Protamine sulfate was supplied by Nutritional Biochemicals Corp. 
(batch 1143). Analysis yielded an assay C = 35.38%, N = 23.6%, H = 
6.0%, SO,” = 21.4%, degree of neutralization 65%. 

PMA of molecular weight 10,000—50,000 and fractionated polyglutamic 
acid were obtained through the courtesy of A. Alexandrowitz of the 
Weizmann Institute, Polymer Department, and of L. Goldstein of the 
Hebrew University, Biochemistry Department, respectively. 

Buffer and salt solutions were prepared from distilled water and analyti- 
cal grade reagents. 
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Preparation of Protamine Solutions 


Stock solutions were prepared by dissolving about 400 mg. of protamine 
in two liters of 0.04N HCl with stirring for 4-8 hr., followed by neutrali- 
zation to pH 3-4 with carbonate-free NaOH and addition of a few drops of 
toluene to inhibit bacterial growth. AlJl but a small (less than 10%) part 
of the protamine dissolved. The solution, slightly cloudy because of un- 
dissolved material, was filtered. The resulting clear solution was stored at 
room temperature. No cloudiness indicative of bacterial growth ap- 
peared, even after several months. 

Aliquots were taken from this solution and appropriate quantities of 
salt and carbonate-free NaOH were added in order to bring the solutions to 
the desired ionic strength and pH. In order to minimize effects attribut- 
able to the influence of a specific buffer ion, buffer concentrations were kept 
at about 0.011; in contrast to salt concentrations of 0.04—0.30M. 

Solutions of identical protamine concentration were prepared when 
necessary by determining the relative concentration of protamine by the 
method of Lowry.® Solutions thus prepared yielded the same optical 
density upon addition of PMA as previously prepared solutions. 


Preparation of Polymer Solutions 


PMA solutions were prepared from lyophilyzed PMA which was vacuum- 
dried over magnesium perchlorate at room temperature for several days. 
The solutions were stored at —20°C. PGA solutions were prepared in the 
same manner. Polymer solutions were delivered from an Alga microburet 
(Burroughs, Wellcome. & Co.) accurate to 0.00005 ml. 


Measurement of Optical Density 


Optical densities were measured against air in a 2-cm. cell at 436 my ina 
Hilger Uvispek spectrophotometer, model H 700. 305. A comparatively 
short wavelength was chosen in order to obtain higher scattering. In a 
typical experiment eight aliquots of 0.01N PMA solution were added with 
mixing to a protamine solution of known pH and salt concentration. The 
additions were performed with an Agla microburet at 2 min. intervals. 
After 14 min. all the additions were completed, and the first solution was 
placed in the Hilger spectrophotometer for optical density measurement. 
Fifteen minutes after addition of PMA to the first solution the optical 
density was measured, and at 2 min. intervals thereafter the readings for 
the rest of the solutions were taken. Thus the optical density of each 
solution was measured exactly 15 min. (+20 sec.) after mixing. The 
optical density after 15 min. was designated OD,,. 


RESULTS AND DISCUSSION 


In the search for suitable conditions of turbidimetry the following 
variables were investigated: pH, concentration of PMA and of salt. 
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Change of Turbidity with Concentration of PMA 


Figure 1 shows some of the measurements at different pH and added salt 
concentrations. The results were exactly reproducible after storing the 
solutions over a period of weeks. Straight lines with average deviations 
of less than 1% were obtained for optical densities below OD = 0.8. 
Above this value the curves became concave towards the concentration 
axis. This phenomenon is thought to be due to multiple scattering of the 
light by the protamine-PMA compound.° 


Dependence on pH and salt concentrations 


The pH dependence of the optical density (OD) follows the expected 
course. At low pH values the carboxyl groups of PMA are incompletely 
dissociated, while above pH 6.5 the ionization is practically complete. 
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Fig. 1. Optical density of protamine solution as a function of quantity of PMA 
added: (J) pH 7.7, [Na2SO.] = 0.1M, [NaCl] = 0.04M; (IJ) pH 6.2, [NaSQ,] = 
0.1M, [NaCl] = 0.04M; (III) pH 6.2, no Na,SO,, [NaCl] = 0.29M; (/V) pH 6.2, no 
Na2SQ,, [NaCl] = 0.04. Open and full circles show duplicate experiments. Prot- 
amine concentration 10-*N (base moles/1.), calculated from arginine content.':? 


The charge on the protamine due to guanidino groups can be expected to 
remain constant below pH 10. The interpolymer interaction as expressed 
by the solution opacity increases apparently with the number of charged 
groups and therefore with pH. At pH 6.5-9.0 it has a constant value.” 
A strong dependence of OD upon salt concentration and valency was, 
however, observed. 
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TABLE I 
The Dependence of dOD/dC upon pH and the Concentration and Valency of Added 
Salt 


[NaCl], [Na2SO,], 
pH Buffer* mole/1. mole/1. dOD/dC 


4.75 Acetate 0.04 — 0.008 

.29 — 

.04 0.1 

04 0.2: 

Acetate 04 _— 
Phosphate .04 
Acetate .14 
Phosphate 14 
Acetate .29 
Phosphate .29 
Acetate 04 
Phosphate 04 
Acetate 04 
Phosphate 04 
Veronal 04 
Phosphate 04 
Veronal 14 
Phosphate A4 
Veronal .29 
Phosphate .29 
Veronal 04 
Phosphate 04 
Veronal 04 
Phosphate 04 
Veronal 14 
.29 
.04 
04 
Glycine 14 
.29 
.04 
0.04 


® [Na*] of buffers employed was 0.02N in all experiments. 


The value of dOD/dC increases sharply with added NaCl but seems to 
level off at somewhat higher (0.15N) NaCl concentration. Divalent anions 
have a very marked effect on dOD/dC, which rises with small additions of 
salt (up to 0.10M) and decreases again at still higher salt concentration. 
The effect appears to be nonspecific, as shown in Table I. 

It is impossible at present to give a quantitative description of this be- 
havior, but the following general argument might be suggestive as a 
qualitative explanation. 

It must be kept in mind that we are dealing with a semistable hydro- 
philic system, where slow changes do occur. In our experiments we are 
generally dealing with a great surplus of protamine over PMA. It can be 
assumed that, upon addition of the latter to a protamine solution, every 
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Fig. 2. Optical density of protamine solutions of different concentrations as a func- 
tion of amount of PMA added: (a) [protamine] = 12.0 X 10~4N (base moles/1.); 
(6) [protamine] = 6.0 x 10-4N; (c) [protamine] = 2.5 X 10~*N; (d) [protamine] = 
1.5 X 10-4N; (e) [protamine] = 1.12 X 10-‘N; (f) [protamine] = 0.56 X 10-4N; 
(g) [protamine] = 0.28 x 10-4N. Protamine concentration calculated from arginine 
content.“?. pH = 7.7; [NaCl] = 0.04M; [NaSO,] = 0.10M. 





4 6 8 10 12 
PROTAMINE CONCENTRATION (meq/ml) x104 
Fig. 3. Slope of curves in Fig. 2 as a function of protamine concentration. The lettering 
of points corresponds to curves in Fig. 2. 


PMA molecule interacts with a number of protein molecules carrying a sum 
total of positive charge in excess of the PMA carboxyls. This may be com- 
parable to the well known charge reversal in colloidal systems upon ad- 
dition of polyvalent salt. The now positively charged protamine-PMA 
dispersion is comparatively stable against flocculation. Upon addition of 
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Fig. 4. Optical density as a function of time. (0.02 ml. PMA, 0.01 monomolar, is 
added to protamine solution): (a) [NaCl] = 0.04M, [Na,SQ,] = 0.1M, pH 6.2; (6) 
[NaCl] = 0.04M, [NaeSOQ,] = 0.25M, pH 7.7; (c) [NaCl] = 0.04M, [NaSO.] = 
0.25M, pH 6.2. C 
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Fig. 5. Optical density of protamine solution as a function of quantity of polyglutamic 
acid added: (a) branched polyglutamic acid, M.W. 150,000; (b) linear polyglutamic 
acid, M.W. 104,000. [NaCl] = 0.04M; [Na.SO,] = 0.1M, pH = 7.7. 


salt, especially salts of polyvalent anions, the electrostatic potential due to 
the protamine envelope is strongly diminished, and the probability of 
precipitate formation increases. At still higher salt concentrations, it 
appears that the primary interaction between the two polyelectrolytes is 
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decreased because of the strong screening of the polymer charges. Such 
solubilization of complexes, a kind of salting-in effect, has been described by 
Katchalsky and Spitnik,!! and by Spitnik, Lipshutz, and Chargaff!? in 
similar systems. 

In Figures 2 and 3 the influence of protamine concentration on optical 
density is presented. The breaks in curves f and g (Fig. 2) show that 
above a certain amount of PMA no more protamine is available for re- 
action. Inspection reveals that at a value of about 3.9 XK 10-4 meq. 
protamine the maximum amount of PMA that reacts is about 3.6 X 10-4 
meq. A similar conclusion may be reached by inspection of curve g. 
In view of the fact that a small amount of protamine did not dissolve, these 
results indicate the existence of a stoichiometric relationship of 1:1 be- 
tween the number of equivalents of PMA reacting with protamine. Such 
behavior has been noted in polysulfonic—polyamine,'* and lysozyme— 
chrondroitin sulfate’‘ systems. From Figure 3 it is seen that the optical 
density is a fairly insensitive function of the protamine concentration as 
long as only a small part of protamine reacts. At extremely low protamine 
concentrations the ifiteraction complexes between PMA and protamine 
seem to be soluble. This has also been observed in the DNA-polylysine 
interaction. 

The behavior of our PMA-protamine system differs from that of PMA- 
polylysine described by Katchalsky™ in that no flocculation (as indicated 
by an increase in slope near the equivalence point) occurs. 

ligure 4 shows the appearance of the PMA-protamine precipitate as a 
function of time. It is seen that the changes in OD become comparatively 
small 15-20 min. after PMA addition. After a much longer period, ad- 
herence of the precipitate to the cell walls can be observed. 

In conclusion, the best experimental conditions for this kind of turbidi- 
metric estimation seem to be: a protamine concentration in solution to 
which polyelectrolyte has been added of 200-600 mg./l.; a quantity of 
PMA to be added to 5 ml. of protamine solution of 2-6 X 10-4 meq.; 
pH 7.0-8.0 (at higher pH CO, absorption may interfere). 

The optimal salt concentration is obtained by adding either phosphate 
buffer or Na2SO, to a very dilute solution so that the Na+ concentration is 
about 0.1N. 

In the experiments described here only small volumes of PMA (0.01N) 
dissolved in water were added to buffered protamine solutions. In prac- 
tice, however, it often happens that more dilute solutions of polyelectrolyte 
dissolved in appreciable amounts of buffer have to be estimated. It was 
found that in these cases care must be taken to ensure that the standard for 
calibration is dissolved in the same buffer as the unknown. Furthermore 
these solutions should be so adjusted that the pH in the final solutions is 
approximately in the specified range of pH 7.0-8.0. When these con- 
ditions were met, concentrations as low as 5 & 10~°N could conveniently be 
estimated. 
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The importance of the buffer concentration cannot be overemphasized. 
Although the dOD/dC slopes could be accurately reproduced for given 
experimental conditions, it was found advantageous to carry out a new 
calibration for every set of experiments rather than to adjust the salt and 
buffer concentrations if high accuracy was required. 

Under the conditions mentioned above the results were accurate to 
1-2% after calibration with a standard sample of the polymer. 

Finally, the method was tried with samples of fractionated polyglutamic 
acid, and the results are presented in Figure 5. 
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Résumé 


La turbidité qui résulte de l’interaction des protamines avec des polyméres en solution 
chargés négativement fut adaptée 4 la micro-détermination de ces derniers. On a 
examiné l’influence du pH, dé la concentration et de la valence du sel ainsi que la dé- 
pendance de la concentration en protamine et du temps. Dans le cas d’un systéme 
acide polyméthacrylique—protamine les conditions optimales pour la turbidimétrie ont 
été établies. On a mesuré facilement des quantités de moins de 2 X 10~7 nonomoles de 
polyméres. La méthode est applicable dans un large domaine de pH mais elle est sen- 
sible au sel ajouté ou a la concentration du tampon. Les changements de turbidité en 
fonction des variables susmentionnés sont expliqués qualitativement par des complexes 
d’interaction du polyélectrolyte et par des effets d’écran des charges accumulées par 
addition d’électrolyte. On a testé également la méthode quant 4 son application a la 
détermination polyglutamique. 


Zusammenfassung 


Die durch Wechselwirkung zwischen Protamin und negativ geladenen Polymeren in 
Lésung entstehende Triibigkeit wurde zu einer Mikrobestimmung der letzteren heran- 
gezogen. Der Einfluss des pH-Wertes, der Salzkonzentration und Wertigkeit sowie der 
Protaminkonzentration und die Zeitabhingigkeit wurde im System Protamin—Poly- 
methacrylsiure untersucht und die optimalen Bedingungen fiir die Triibungsmessung 
ermittelt. Mengen bis hinab zu 2 X 10-7 Grundmole Polymeres liessen sich bequem 
messen. Die Methode ist iber einen weiten pH-Bereich anwendbar, ist aber gegen die 
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Konzentration des zugesetzten Salzes oder des Puffers empfindlich. Die Triibigkeit- 
siinderung als Funktion der oben erwiihnten Variablen wird qualitativ als Folge der 
Bildung von Polyelektrolytkomplexen und Abschirmung der Aggregatladungen durch 
den zugesetzten Elektrolyten erklirt. Die Methode wurde auch auf ihre Anwendbar- 
keit. zur Bestimmung von Polyglutaminsiure iiberpriift. 


Received September 4, 1962 





JOURNAL OF POLYMER SCIENCE: PART A VOL. 1, PP. 3395-3406 (1963) 


Rheological Measurements on Polycarbonate 


GERT F. BAUMANN and SAMUEL STEINGISER, Research 
Department, Mobay Chemical Company, New Martinsville, West Virginia 


Synopsis 


Rheological properties of polycarbonate were measured at constant shear stress and at 
constant shear rate using a capillary rheometer. The melt viscosity of polycarbonate 
was determined as a function of: (1) weight-average molecular weight and molecular 
weight distribution in the range of M, = 13,000-80,000 and W,,/M, = 1.1-3, respec- 
tively; (2) temperature at 260-316°C.; (3) shear rates of 1-300 sec.~'; (4) “process- 
ability’? as experienced in the injection-molding range. A straight-line relationship 
between log 7m and log M, was found with a slope of 3.2. A plot of log nm against log M,, 
resulted in a family of straight lines of the same slope but whose intercepts depended on 
the polydispersity ratios. The activation energy of viscous flow was calculated from a 
plot of log mm versus 1/7' at various shear rates. It varied from 26~30 kcal./mole at 
low shear rates to about 16 kcal./mole at higher shear rates. A shear stress versus 
shear rate plot showed that polycarbonate exhibited almost Newtonian behavior at 
temperatures above 290°C. Finally, a good correlation was established between the 
data obtained on the capillary rheometer and that obtained in an injection-molding test 
using a spiral mold. 


INTRODUCTION 


Polycarbonate is the generic name for polyesters containing the repeating 
carbonate group. A wide spectrum of polycarbonates, especially from 
phenols, has been investigated and reported in the literature.'-* Bis- 
phenol A, (4,4’-dihydroxydiphenyl-2,2-propane) is the most important 
bisphenol at the present time because it is readily available in commercial 
quantities and the resulting polycarbonate exhibits the best overall physical 
properties combined with ease of processability. The repeating unit of 
this polycarbonate has the structure I: 


Pp ch 
a nti ears 
CHs 

(I) 


This polycarbonate can be produced by condensation of phosgene with 
Bisphenol A in the presence of alkali or by ester-interchange between 
diphenylearbonate and Bisphenol A at elevated temperatures. ! 

Polycarbonates are commercially available under the trade names 
Merlon (Mobay Chemical Company), Lexan (General Electric Company) 
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and Makrolon (trademark, Farbenfabriken Bayer A. G., West Germany). 
They are distinguished by their unique combination of properties, especially 
high heat resistance and dimensional stability, together with excellent 
toughness and good optical and electrical properties.’ These properties 
are obtained at relatively low molecular weights. Most known methods of 
final fabrication can be adapted to polycarbonates, e.g., injection molding, 
compression molding, blow molding, extrusion, and film casting from a suit- 
able polymer solution. All of these methods require a thorough knowledge 
of the rheological properties of the polycarbonates. 

Our studies were concerned with the melt behavior of polycarbonate 
based on Bisphenol A. However, one might expect that some of the results 
to be discussed can be generalized because they are related to the basic 
polycarbonate structure whereas others are specific for the Bisphenol A 
polymer. 

For the sake of brevity the term ‘‘polycarbonate”’ is used throughout this 
paper for the polycarbonate based on Bisphenol A. 

The relationships between molecular weight, molecular weight distribu- 
tion, and melt viscosity, temperature and melt viscosity, shear stress and 
shear rate, shear rate and melt viscosity, and finally between melt viscosity 
and processability by injection molding were investigated. 


EXPERIMENTAL 
Apparatus and Procedure 


The rheological measurements to determine the melt behavior of poly- 
carbonate were carried out on a capillary rheometer. This rheometer was 
built according to a design developed previous to, but generally in accord 
with, the ASTM specifications. The orifice had a 70° included angle in- 
stead of a flat entry and a length of 14.7 mm. and a diameter of 1.62 mm. 
(L/D ~ 9.1). The pressure was applied on a piston of a somewhat smaller 
diameter than the bore of the rheometer with the exception of the land on 
the end of the piston which just cleared the barrel. This land prevented 
the polymer from flowing backwards instead of through the orifice. ‘The 
temperature of the barrel was controlled by a Capacitrol unit to within 
+1°C. In addition, the temperature of the orifice was measured with a 
thermocouple which was inserted into a small hole next to the capillary. 

The polycarbonate, either in form of pellets or as powder, was dried in a 
vacuum oven at 120°C./1 mm. Hg for at least 8 hr. to obtain uniformly dry 
samples with less than 0.007% water.® It had been shown previously by 
us as well as by other investigators®’ that polycarbonate may be ad- 
versely affected by water at the high melt temperatures of greater than 
250°C. Therefore, vigorous drying was important for good reproducibil- 
ity. 

After drying, the polymer was filled into the rheometer in small portions, 
tamping after each addition to assure a tight packing and exclusion of air. 
The material reached temperature equilibrium with the rheometer within 
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10-15 min. The polycarbonate was then extruded at constant shear stress 
or at constant shear rate. The former was accomplished by applying a 
known, constant load whereas the latter was done in an Instron testing 
machine which moved the piston at a known, constant rate. In the experi- 
ments at constant shear stress we measured the flow rate per unit time as 
the dependent variable. In the constant shear rate experiments the shear 
stress was the dependent variable which was automatically recorded on the 
Instron tester, a load cell being used as sensing element. 

Shear stress, shear rate, and melt viscosity were calculated from instru- 
ment dimensions, the applied force and the flow rate. The shear stress 
7 is defined as: 


r = Pr/2l (1) 


where r is the radius of the capillary orifice (in centimeters), / is the length 
of the capillary orifice (in centimeters), P is the pressure drop in the capil- 
lary (in dynes/square centimeter), and 7 is the shear stress (in dynes/square 
centimeter. The shear rate D (in sec.~') can be calculated from eq. (2): 


D = 4Q/nr* (2) 


where Q is the volumetric flow rate (in milliliters/second). The melt viscos- 
ity, mm, is calculated from the shear stress and shear rate relationship (as 
a first approximation, neglecting the shear stress dependence on shear rate): 


tm = 7/D = xr*P/81Q (3) 


RESULTS AND DISCUSSION 


Melt Viscosity as a Function of Molecular Weight and 
Molecular Weight Distribution 


Schulz and Horbach"! investigated the solution properties of fractionated 
polycarbonate samples. They established a correlation between intrinsic 
viscosity [n] and weight-average molecular weight J, by light scattering. 
We compared their results on polycarbonate fractions with our own light- 
scattering data obtained on unfractionated samples and found that, 
within experimental error, the same equation can be used to calculate M/,, 
from [y]. This can probably be explained by the relatively narrow distri- 
bution of the whole polymers. Therefore, the 17, values plotted in Figure 
1 were calculated from the [n] by use of the relationship: 


[n] = 1.11 X 10-427,,°.*? (4) 


where [n] is the intrinsic viscosity (in deciliters/gram) of polycarbonate in 
methylene chloride at 25.0°C. after extrusion from the melt indexer. 

- The data for this plot and Figure 2 were obtained on Merlon, Makrolon, 
and Lexan polycarbonate. A straight line relationship between log ma 
and log M,, was found for the range of M, = 13,000-80,000. This covers 
the molecular weights of greatest commercial interest. The fact that all 
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points fell on one line shows the great similarity between polycarbonates of 
different origin. The melt viscosities were determined at a constant shear 
stress of 2.63 X 10° dynes/em.? at 302°C. The results in Figure 1 can be 
expressed by eq. (5): 


log mn = 3.23 log M,, — 10.73 (5) 


It is worth noting that the slope of this line (3.23) is in very close agreement 
with the experimentally determined value of 3.4 which has been reported 
for a number of polar and nonpolar polymers.'? The slope does not change 
at M,, of 13,000, indicating sufficiently long chains entangled to an infinite 
network structure. The present viscoelastic theories as well as experi- 
mental results show that the slope changes from 3.4 to a value between 1 


0.1 1.0 10 
MELT VISCOSITY x 10-4 poise 


Fig. 1. Melt viscosity vs. weight-average molecular weight for polycarbonate. 1m at 
constant shear stress of 2.63 X 10° dynes/em.? at 302°C. 


and 2.5 below a certain critical molecular weight or chain length where 
chain entanglements are of lesser influence on the flow.’* One explanation 
for the low critical chain length of polycarbonate may be its stiffness and its 
polar nature. 

A number of polycarbonate samples were fractionated by a selective 
elution method in which the various fractions were eluted from the surface 
of an aluminum foil with methylene chloride—n-hexane mixtures of in- 
creasing solvent power.'* Each fraction was characterized by solution 
viscosity. The number-average and the weight-average molecular 
weights, 17, and M,,, of the whole polymer were calculated from the inte- 
gral distribution curves. M,, is defined by eq. (6): 


M,=W / > W./M, (6) 
i=1 


where W is the weight of whole polymer, W; is the weight of the 7th frac- 
tion, and M, is the molecular weight of the 7th fraction. 
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M,, is defined in a similar manner by eq. (7): 
M, = > W.M,/W (7) 
i=1 


The average molecular weights were then calculated on the basis of 
values as obtained by solution viscosity (see above relationship). The valid- 
ity of these calculations was crosschecked by comparing M,, thus calculated 
with osmometric data obtained on the same samples, and good agreement 
was shown. The calculated M,, values also agreed well with /,, obtained 
by light scattering. In Figure 2 the calculated M,, values are plotted 
against the corresponding melt viscosities at constant shear stress of 
2.63 X 105 dynes/em.? with the ratio W,,/M, as an additional parameter. 


7.0 


3.0 


M, x 1074 





0.3 1.0 3.0 10 
MELT VISCOSITY x 10% poise 


Fig. 2. Melt viscosity vs. number-average molecular weight of p »lycarbonate as func- 
tion of polydispersity. 1m at constant shear stress of 2.63 X 10° dynes/cm.* at 302°C. 
Polydispersity ratios M/M. from fractionation: (@)1.1—-1.3; (W) 1.4-1.7: (#) 1.8-1.9; 
(>) 1.98-2.1; (m)3.4. 


The data show that the melt viscosity can be decreased (the processability 
improved) at constant M,, if the polydispersity ratio is narrowed. Con- 
versely, we can also say that the processability, e.g., in extrusion, can be 
kept constant with increasing //,, if the distribution is narrowed simul- 
taneously. It may be mentioned that the lines shown in Figure 2 have a 
slope of 3, again close to the theoretical value of 3.4. 

The melt viscosity is a single straight line function of 1, with very 
little or no dependence on the polydispersity within the range of poly- 
dispersity studied. On the other hand, the melt viscosity versus M, 
relationship produces a family of straight lines of the same slope depending 
on the polydispersity values. In effect this allows for a finer differentiation 
of various materials. 
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Melt Viscosity as a Function of Temperature 


The melt viscosity of a Makrolon polycarbonate sample (J7,, ~ 35,000) 
was measured as a function of temperature at shear rates of 3-100 sec.—'. 
Slightly converging straight lines are obtained if log nm is plotted against 
1/T, where T is absolute temperature, with the shear rate D as an additional 
parameter. This is shown in Figure 3. The temperature range 260-— 
320°C. is the technically important one for most molding operations. 
The viscosity-temperature relationship reported here compares well with 
that reported earlier at constant shear stress.” 


100 30 10 
SHEAR RATE, sec.~! 


0.3 1.0 3.0 10 
MELT VISCOSITY x 10%, poise 


Fig. 3. Melt viscosity of polycarbonate vs. 1/7 as function of shear rate. 


From the data in Figuré 3 we calculated the activation energy of viscous 
flow Evise as a function of shear rate. The activation energy decreases 
from 23.5 to 20.8 to 16.4 keal./mole at shear rates of 3, 10, and 100 sec.—', 
respectively. In other words, an increase in shear rate by a factor of three 
will decrease Eyise by 2.2-2.4 keal./mole. These results are graphically 
presented in Figure 4, where D is plotted against Eyi... The activation 
energy at values approaching zero shear rate is 26-30 kcal./mole. 

The decrease in activation energy with increasing shear rates had been 
previously reported for other: polymers.’* The difference in Fyis. for 
polyethylene, for example, is 4’keal./mole for a change from D = 10? to 
D = 10 sec.—, which is considérably smaller than the change found for 
polycarbonate. 

The larger change of Fyis. for polycarbonate shows that its chains are 
better aligned than the chains in polyethylene or, in other words, poly- 
carbonate can be “‘ordered”’ in melt flow. From Andrade’s equation 


‘tm = A eEviee/ RT (8) 
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Fig. 4. Activation energy of viscous flow vs. shear rate for polycarbonate. 


it follows that a decrease in Eyise with increasing shear rate, at constant 
temperature, will cause a decrease in 7m. As we will show below, poly- 
carbonate can behave as a Newtonian liquid where the nm becomes inde- 
pendent of shear rate. This can be the case only if the pre-exponential 
term A increases with increasing shear rates to compensate the decrease 
in Eyise. The pre-exponential term A is related to the polymer entangle- 
ment and the order in the melt. An increase in A indicates a higher 
degree of order or a “preorientation” under shear. 

For comparison at zero shear rate, although at different temperatures, 
polyethylene has an activation energy of 12-13 kcal./mole, polystyrene 
22-23 keal./mole, and polyvinylbutyral resin about 26 kcal./mole." 
The high activation energy of 26-30 kcal./mole for polycarbonate is 
another indication of its polarity and stiffness or greater length of the 
independently moving statistical segments. 


Shear Rate as a Function of Shear Stress and Melt Viscosity 


The correlation between shear rate and shear stress was investigated for 
a number of Merlon and Makrolon polycarbonates. Typical data for one 
sample are shown in Figure 5. The material was a molding grade material 
with the following molecular constants: Mosm = 22,000 by osmometry; 
M\, = 36,000 by light scattering; M7, = 19,500 and M,, = 38,700, calcu- 
lated from fractionation; M,/M, = 2; 2m = 1.12 X 104 poise at constant 
shear stress of 2.63 X 10° dynes/cm.? and 302°C. The experiment was run 
between 260 and 316°C., the Instron tester being used to apply a shear 
rate and automatically measure the resultant shear stress. A slope of 1 on 
the plot of log D versus log r indicates a Newtonian behavior of the poly- 
mer and a slope of less than unity indicates non-Newtonian behavior. 
The data show that polycarbonate behaves almost like a Newtonian melt 
at temperatures in excess of 288°C. and shear rates less than 150 sec.—}. 
Only at the lower temperatures investigated (260 and 274°C.) does the 
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polycarbonate exhibit non-Newtonian characteristics. From this it can be 
concluded that polycarbonate acquires enough free volume at about 
300°C. to exhibit Newtonian behavior.'* 

The same experimental results can also be presented by plotting log 
r/D versus log D (see Fig. 6). In this type of plot a slope of zero denotes 


107 
pg 


7 
7 288 °C. 


Yo a 302 °C. 
e 


dynes/cm2 


SHEAR STRESS, 


102 105 
SHEAR RATE, sec.-! 


Fig. 5. Shear stress vs. shear rate for polycarbonate as function of temperature. 


10 


MELT VISCOSITY x 10°% poise 


SHEAR RATE, sec.-'! 


Fig. 6. Melt viscosity vs. shear rate for polycarbonate as function of temperature. 


Newtonian behavior. As can be seen from this graph, an increase in shear 
rate at the higher temperatures will not appreciably decrease the viscosity. 
This means that, in the extrusion range but possibly not in injection 
molding, the processability will not be improved by increasing the shear 
rate but only by increasing the temperature. However at lower tempera- 
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tures, increasing the shear rate does help increase processability by lowering 
nm. In Figure 6 we also indicated the types of fabrication techniques and 
their respective shear rate ranges. Injection molding is mostly done at D 
greater than 500 sec.—'. An extension of the presented data beyond a 
shear rate of about 250-300 sec.—! is very questionable, because it has been 
shown on other polymers that the melt viscosity can change drastically 
with increasing shear rate. Some minor changes on the present rheometer 
will allow us to explore the higher shear rate range at a later date. 


“- 


~,2. 
POLYSTYRENE’ <= OLYETHYLENE 
200 °C. —~=—s2.> 150 °C. 
*, 
CELLULOSE ACETATE ra 
210 °C. 


O-----~. 2. 
POLYCARBONATE 


302 °C. 





MELT VISCOSITY x 10%, poise 


i 10 107 10° 
SHEAR RATE, sec.”' 


Fig. 7. Typical flow behavior of various polymers. 


Figure 7 shows some comparative data of the melt behavior of poly- 
ethylene, cellulose acetate, polystyrene, and polycarbonate, each at its 
respective molding temperature and in the same shear rate range. This 
demonstrates the unique melt behavior of the polycarbonate. Cellulose 
acetate was included because of some molecular similarities between poly- 
carbonate and cellulose derivatives.!' The data for polyethylene, poly- 
styrene, and cellulose acetate were taken from Bernhardt." 


Comparison between Melt Viscosity and ‘‘Moldability”’ 


Finally we compared the results obtained on the capillary rheometer 
with molding results in a spiral mold. The melt viscosity was obtained at 
constant shear stress of 2.63 X 10° dynes/cm.? at 302°C. The poly- 
carbonate was injection-molded into a spiral mold calibrated in fractional 
inches under the following molding conditions. The cylinder tempera- 
tures of the Van Dorn Molding Machine were 330°C. on the rear zone and 
316°C. on the front zone. The temperature on the pressurized water used 
to maintain the mold temperature was 107°C. The cycle was as follows: 
injection, 8 sec.; charge, 4 sec.; mold, 60 sec.; die open time, 2 sec. The 
injection pressure was approximately 20,000 psi. Die dimensions were 
thickness 0.060 in.; width 0.50 in. 
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Although the two methods of evaluation differ widely, especially in 
terms of shear rates, it can be seen from Figure 8 that there is a good 
general correlation between melt viscosity even at relatively low shear 


LENGTH, inches 


0.3 1.0 
MELT VISCOSITY x 10% poise 


Fig. 8. Melt viscosity vs. “‘moldability’’ of polycarbonate. 7m at constant shear 
stress of 2.63 X 10° dynes/cm.? at 302°C. vs. length to which a spiral mold was filled at 2 
X 10 psi at 316°C. 


rates and a practical injection molding test at higher shear rates. Ob- 
viously, there are certain advantages to working on smaller samples and 
under more closely controlled conditions which are possible on a capillary 
rheometer. The data presented here are additional proof of the practical 
value of evaluations with a capillary rheometer. 


Conclusions 


It has been shown that the melt viscosity of polycarbonate is a function 
of M,. The slope of the ym — M,, relationship does not change even at 
M, as low as 13,000. This indicates an infinitely entangled network at 
low M,, which can be explained by the stiffness of the polycarbonate mole- 
cule. This explanation is supported by the large decrease of Eyiso with 
increasing shear rate. Since at the same time 7m is only slightly shear- 
rate dependent, the pre-exponential term in Andrade’s equation must in- 
crease with larger shear rates. The stiff, kinked polymer backbone 
causes the high 7, which requires high processing temperatures at rela- 
tively low M,. The high processing temperature at low M,, accounts for 
the minor shear dependence of polycarbonate under processing conditions. 


The authors gratefully acknowledge the help of Messrs. A. S. Morecroft and R. M. 
Hutcheson, who evaluated the samples on the injection-molding machine and V. L. 
Busick and K. 8. Booth, who made the experimental measurements, and Professor F. R. 
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Résumé 


On a mesuré les propriétés rhéologiques du polycarbonate a tension de cisaillement et 
vitesse de cisaillement constante au moyen d’un rhéométre a capillaire. La viscosité 
du polycarbonate fondu a été déterminée en fonction de: (1) poids moléculaire moyen en 
poids et distribution des poids moléculaires dans le domaine de M,, = 13000 & 80000 et 
M./M, = 1.143 respectivement; (2) température entre 260 et 316°C; (3) vitesses de 
cisaillement de 1 4 300 sec™!; (4) “processability” telle qu’expérimentée dans le domaine 
du moulage par injection. On trouve une relation linéaire entre log n,, et log M,, avec 
une pente 3.2. In portant log 7,, en fonction de log M,, on obtient une famille de droites 
de méme pente mais dont les interceptions dépendent des rapports de polydispersité. 
On a calculé |’énergie d’activation du flux visqueux en portant log 7,, en fonction de 
1/T aps & différentes vitesses de cisaillement. Elle varie de 26 4 30 kcal/mole & de faibles 
vitesses de cisaillement jusqu’a environ 16 kcal/mole a des vitesses de cisaillement plus 
élevées. En portant la tension de cisaillement en fonction de la vitesse de cisaillement 
on observe chez le polycarbonate un comportement presque Newtonien 4 des tempéra- 
tures supérieures 4 290°C. Finalement on a établi une bonne corrélation entre les ré- 
sultats obtenus avec le rhéométre A capillaire et celui obtenu dans un essai de moulage 
par injection utilisant un moule spiralé. 


Zusammenfassung 


Die rheologischen Eigenschaften von Polykarbonat wurden bei konstanter Schub- 
spannung und konstanter Schergeschwindigkeit in einem Kapillarrheometer gemessen. 
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Die Schmelzviskositit von Polykarbonat wurde als Funktion folgender Gréssen bes- 
timmt: (1) Gewichtsmittel des Molekulargewichts und Molekulargewichtsverteilung 
im Bereich von M,, = 13000 bis 80000 bzw. ,,/M/,, = 1,1 bis 3; (2) Temperatur zwi- 
schen 260 und 316°C; (3) Schergeschwindigkeit von 1 bis 300 sek~!; (4) ‘‘Verarbeit- 
barkeit,’’ wie sie im Spritzgussbereich auftritt. Zwischen log ,, und log M,, besteht 
eine geradlinige Beziehung mit einer Neigung von 3,2. Beim Auftragen von log 7,, 
gegen log M,, ergibt sich eine Schar gerader Linien mit der gleichen Neigung, deren 
Achsenabschnitte aber vom Polydispersitiitsverhiltnis abhingen. Die Aktivierung- 
senergie des viskosen Fliessens wurde aus einem log 7,,-1/Tabs-Diagramm bei verschie- 
denen Schergeschwindigkeiten berechnet. Sie bewegte sich von 26-30 kcal/Mol bei 
niedriger Schergeschwindigkeit zu etwa 16 kcal/Mol bei héheren Schergeschwindigkei- 
ten. Das Schubspannungs-Schergeschwindigkeits-Diagramm zeigte, dass Polykarbonat 
bei Temperaturen oberhalb 290°C ein fast Newtonsches Verhalten aufweist. Schlies- 
slich wurde eine gute Korrelation zwischen den mit dem Kapillarrheometer erhaltenen 
Daten und den bei einem Spritzgusstest mit einer Spiralform erhaltenen festgestellt. 


Received September 20, 1962 
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Study of the Base-Catalyzed Cellulose—d,/-Butadiene 
Diepoxide Reaction* 


RUTH R. BENERITO, RALPH J. BERNI, JOHN B. McKELVEY, 
and BEVERLY G. BURGIS,+ Southern Regional Research Laboratory, 
Southern Utilization Research and Development Division, Agricultural 
Research Service, United States Department of Agriculture, 
New Orleans, Louisiana 


Synopsis 


The reaction of cotton cellulose with d,/ isomers of butadiene diepoxide (BDO) in the 
presence of base catalysis has been investigated as a continuation of work previously 
reported on the reaction between cotton cellulose and the meso isomer (BDE). The 
BDO has been found to react similarly out of CCl, solutions with fabrics pretreated with 
dilute solutions of base. However, unlike the meso isomer, which is less soluble in 
concentrated base, the BDO has been found to increase dry as well as wet crease re- 
sistance of cotton pretreated with aqueous solutions as concentrated at 23% NaOH. 
Increased wet crease resistance was imparted to cotton at low add-ons of BDO to fabric 
pretreated with all concentrations of base. Increased dry crease resistance was im- 
parted at low add-ons of BDO to only those fabrics pretreated with dilute solutions of 
NaOH. For those fabrics pretreated with 10% or 15% NaOH, higher add-ons of BDO 
were required to impart high dry as well as high wet crease resistance. Speed of the 
reaction was increased with increase of base concentration or by removal of water from 
fabrics pretreated with dilute base. With the latter, rate of increase of dry crease 
resistance also increased. Optical microscopical examinations of fibers and electron 
micrographs of ultrathin cross sections of these fibers after immersion in cuene gave 
evidence of degree of crosslinking of the cellulose. Evidence from these microscopical 
observations has been correlated with textile properties of fabrics. Interesting changes 
in fabric properties of BDO treated cotton with heat have been investigated. Optimum 
fabric properties have been obtained by reducing the amount of water in cotton after 
pretreatments with aqueous base and thus reducing the degree of polymerization of 
BDO. Data are also given to show influence of hydration of cation of strong base on 
degree of polymerization of BDO. 


INTRODUCTION 


In an earlier study,' fabrics possessing both high wet and dry crease 
resistance were obtained by the slow addition of the meso isomer of bu- 
tadiene diepoxide (BDE) from carbon tetrachloride solution to cotton 
fabric pretreated with dilute aqueous solutions of base. Pretreatments 


* Presented at the Division of Cellulose, Wood, and Fiber Chemistry at the 141st 
meeting of the American Chemical Society, Atlantic City, New Jersey, September 9-14, 
1962. 

t Present address: St. Petersburg Junior College, St. Petersburg, Florida. 
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with aqueous solutions of base more concentrated than 5% NaOH re- 
sulted in more rapid addition of the diepoxide but only wet crease resistance 
was imparted to cotton. In order to obtain both dry and wet crease 
resistance, application of BDE at an organic—aqueous interface was es- 
sential. Use of a one-phase solution of BDE and alkaline catalyst resulted 
in some add-on but no improvement in crease recovery. The present 
work reports on an extension of these investigations to the alkaline- 
catalyzed reactions between cotton cellulose and the d,l isomers of bu- 
tadiene diepoxide (BDO). Results obtained at higher base concentrations 
with BDO differ from those obtained with BDE and provide information 
leading to a clearer insight into the significance of the water present in 
cotton at the time of the cellulose—diepoxide reaction and its effect on 
resultant fabric properties. The cellulose-BDO reaction catalyzed by 
zine fluoborate, reported in Part II of this series,? gave results essentially 
the same as those reported previously for the fluoborate-catalyzed cellulose— 
BDE reactions.'* 


EXPERIMENTAL 


Materials 


Research grade d,l isomers (BDO), b.p. 145°C., epoxy equivalent of 
2.32 as determined by the method of Durbetaki,‘ was obtained from 
Koppers Company, Inc. 

(Trade names have been used to identify materials used in this investiga- 
tion, but such use does not imply endorsement or recommendation by the 
U.S. Department of Agriculture over other products not mentioned. | 

All other chemicals were of reagent grade and were used without further 
purification. The fabric was on 80 X 80 print cloth weighing 3.12 oz./yd.? 
which had been desized, scoured, and processed in commercial peroxide 
bleaching equipment. A 12/3 ply (143 tex) scoured yarn was used for 
certain textile tests. 


Application of BDO 


Except where specifically indicated for comparative purposes, the 
fabric samples, weighing 10-12 g., were twice padded to approximately 
100% wet pickup with the pretreating solution of the catalyst. The 
loosely rolled samples were then immersed for the specified times at 25°C. 
in solutions of BDO in CCl, contained in closed cylinders which were 
shaken intermittently throughout the reaction times. In those experi- 
ments requiring removal of water, the extraction step was performed 
after the pretreatment and immediately before immersion of fabric in the 
BDO solution. Water was extracted as indicated either by a two-step 
process of immersion in acetone and then ether, or by drying in a vacuum 
desiccator over the drying agent indicated. After the desired reaction 
times had elapsed, the treated samples were washed with water, acidified 
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with acetic acid to neutralization, washed with methanol, then water, 
ironed dry (160°C.), and conditioned for 24 hr. before being weighed. 

Yarn was treated with 2% aqueous NaOH and centrifuged to 100% wet 
pickup before being immersed in 20% BDO in CCl, for 6 hr. at 25°C. 
Washing and equilibration procedures were the same as those used on 
treated fabrics. 


Textile Tests 


According to American Society for Testing Materials or Federal Specifica- 
tion Standard Methods, the following textile tests were carried out: 
breaking strengths by the strip method on a Scott Tester, tearing strengths 
by the Elmendorf method,*” and crease recovery angles by the Monsanto 
method. 

The yarn properties of stiffness and resiliency were measured by use of 
a slight modification of the method described by Brown.® For the deter- 
mination of the effect of heat on the tensile properties of yarn, an Instron 
tensile tester with an attached environmental chamber in which the yarns 
were suitably enclosed was used. Generally, 10-in. gauge length samples 
were stretched at an extension rate of 0.2 in./min. until an extension of 
3.0% was reached. Reversal of the crosshead was also at a 0.2 in./min. 
rate. The sample remained at rest for 5 min., then the process was repeated. 
A record of a series of load—elongation cycles to 3% extension at progres- 
sively higher temperatures was made for the untreated control yarn, the 
treated yarn containing 15% add-on of BDO, and for the treated yarn 
which had been heated 30 min. at 160°C. Stiffness (g./tex) of yarns at 
20 degree intervals between 200 and 375°F. were calculated at 0.5 and 1.0% 
extensions after extensions to 3%. Breaking strengths and elongations 
at break throughout the same temperature ranges were also determined. 


Microscopical Examination 


The amount of swelling and dissolution of the finished fibers in 0.5M 
cupriethylenediamine (cuene) was determined by methods of optical 
microscopy. Electron micrographs of ultrathin cross sections (800 A.) 
of treated fibers which had been immersed in 0.5M cuene gave more de- 
tailed information concerning the uniformity of treatment and extent 
of crosslinking. These microscopical techniques have been described 
previously’~* and were used as one method of evaluating extent of cross- 
linking with BDE.' 


RESULTS AND DISCUSSION 
Pretreatments with Aqueous 0.5M Strong Base 


Since earlier work! has shown that pretreatment of fabric with 2% 
aqueous NaOH (0.5M) gave products of highest dry crease resistance when 
BDE was applied from CCl, this concentration of NaOH was used for 
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various times of reaction with BDO. These results, recorded in Table I, 
show that wet crease resistance is improved at low add-ons, and that dry 
crease resistance is increased only at higher add-ons. In general, add-ons 
in excess of 7% are required before wet and dry crease angles are the same. 
At lower add-ons, the wet crease resistance angles imparted by BDO are 
less than those imparted by BDE at comparable weight gains. For a 
given weight gain, the dry crease resistance imparted by BDO is in every 
case slightly better than that imparted by BDE. The rates of add-on 
with both isomers were approximately the same, and slight variations 
noted might be attributed to differences in water contents of fabric. 

Also shown in Table I are results obtained with pretreatments of aqueous 
solutions of 0.5 LiOH or 0.5M tetrabutylammonium hydroxide [N(C,Hg).- 
OH]. With the LiOH pretreatments, dry crease angles were as high as the 
wet crease angles at all weight gains. With the quaternary base pre- 
treatments, wet crease resistance was again higher than the dry crease 
resistance at low add-ons. Rates of addition of BDO to cellulose were 
essentially the same with a given molarity of all three strong bases during 
the first stages of addition. However, after times of reaction as long as 
16-24 hr., the add-ons for samples pretreated with 0.5M LiOH were much 
less than for those pretreated with either 0.5M NaOH or 0.5M N(C,H,),OH. 
Due to differences in free energy and amounts of hydration of the cations!!! 
there is less free water available in the fabrics pretreated with LiOH, 
and thus less water available for reaction with BDO. The larger the 


TABLE II 
Variation of Fabric Properties with Weight Gains after Extraction of H,O with 
Acetone and Ether* 





Crease angles 





i (W + F), degrees Warp strength retention, %" 
Wt. gain, % Wet Dry Breaking Tearing 
0.5 163 187 77 92 
1.5 199 190 72 72 
3.6 246 233 55 45 
4.3 253 227 61 55 
6.0 261 251 — — 
7.3 279 248 53 42 
7.5 250 240 53 38 
8.1 252 246 — — 
9.9 267 284 — -- 
11.6 264 272 54 35 
11.8 304 272 — _— 
11.9 273 281 56 37 
13.4 309 296 —- co 
Control 166 196 (47.3 lb.) (1060 g.) 
Control (2% NaOH) 183 182 (52.6 lb.) (1080 g.) 





* 80 X 80 print cloth pretreated with 0.5M NaOH, then extracted with acetone and 
ether before application of BDO from 20% solution in CCl, at 25°C. 
> Based on untreated control. 
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amount of free water available, the greater the chances are for forming 
polymeric crosslinks or graft polymers on monoether derivatives of cellu- 
lose, and homopolymers of BDO. It is of interest to note that the maxi- 
mum add-on of BDO to fabric pretreated with 0.5! NaOH can be re- 
duced by removing some of the water before application of BDO. As 
shown in Table II, maximum add-on after partial extraction of water 
from fabric pretreated with 0.544 NaOH is only about 13%, a value 
similar to that obtained with 0.5M LiOH pretreatments without extraction 
of water. 

In general, add-ons of BDO of approximately 8-10% resulted in fabrics 
with high wet and dry crease resistance. With add-on of BDO in excess 
of 25% in the presence of NaOH or N(C,H»),OH, the wet or dry crease 
angle was not reduced below the maximum values obtained at add-ons 
of approximately 10%. This is in contrast to results obtained with 
excessively large add-ons of other diepoxides to cotton by acid catalysis. 
In these latter instances,* the crease angles increased with amount of add- 
ons up to a maximum value; then the crease resistance was reduced con- 
siderably by formation of excess polymers. 

It is also interesting to note the large reductions in both tearing strength 
and breaking strengths (Table I). In these instances the losses are com- 
parable to those observed under conditions of zine fluoborate catalysis. 
With the latter, losses in tensile strengths are frequently, but without 
experimental evidence, attributed to acid degradation of the cellulose 
rather than to changes in fine structure of cellulose as a result of chemical 
modifications by crosslinking, monosubstitutions, or changes in hydrogen 
bonding. 

Attempts to detect the preferential reaction of cotton with one of the 
optical isomers of butadiene diepoxide were unsuccessful. There were no 
changes in optical rotation of a CCl, solution of BDO throughout a 72-hr. 
period of reaction with fabric which had been pretreated with 0.5M NaOH 
and extracted with acetone and ether. 

Fabrics pretreated with dilute aqueous base were allowed to react 
with BDO vapors at 25°C. up to periods of 72 hr. For times of reaction 
as long as 40 hr., there was only 0.2-0.3% add-on. Maximum add-on 
was obtained after 72 hr. In no case was there improvement in either wet 
or dry crease resistance, and 100% of the tensile strengths was maintained. 

In another series of experiments, fabrics were pretreated with aqueous 
0.5M NaOH, extracted with acetone and ether, and then reacted in meth- 
anolic solutions of BDO. The temperature of application was varied 
from 25 to 65°C. In every case, either a loss or negligible weight gain was 
observed, and there was no change in crease angles or in terisile properties. 


Effect of Extraction of Water After Dilute Base Pretreatments 


Extent and rate of reaction of BDO with cellulose as well as crease- 
resistant properties of resultant fabric can be varied over a wide range 
by controlling the amount of water extracted from cloth pretreated with 
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0.5M NaOH prior to treatment of fabric with BDO in nonaqueous solvents. 
Solvent extraction of water by use of acetone and then ether from cloth 
pretreated with aqueous 0.547 NaOH before immersion in CCl, solution 
of BDO increased the rate of reaction between cellulose and BDO and 
resulted in higher dry crease resistance at the lower add-ons as shown 
in Table II. For a given add-on, the wet as well as the dry crease angles 
were usually higher for those fabrics which had been solvent extracted 
before being treated with BDO. Without the solvent extraction step, 
add-ons in excess of 7% were required to impart dry crease angles higher 
than 250(W + F)°. With the solvent extraction step, as little as 6% 
add-ons resulted in dry crease angles of 250°. In the absence of solvent 
extractions, add-ons in excess of 20% were obtained after reaction times as 
long as 16-24 hr. When the water was solvent extracted, maximum add- 
ons of only 12-13% were obtained, even after 16-24 hr. of reaction, and, 
in general, only 6 or 7 hr. were really required to attain the maximum 
add-on of BDO. 

Similar solvent extractions of fabrics pretreated with 0.5M N(C,H»),OH 
increased the rates of reaction between cotton and BDO, and increased the 
dry crease resistance at a given add-on of BDO. However, wet crease 
resistance was slightly lower after solvent extraction. For example, a 
5.7% add-on of BDO resulted after a reaction time of only 4 hr. on a solvent- 
extracted fabric pretreated with 0.51 N(C,H,),OH, and imparted wet 
and dry crease angles of 234 and 253(W + F)°, respectively. 

Fabrics pretreated with 0.5M LiOH and then solvent-exchanged with 
acetone and ether showed no weight gains or changes in textile properties after 
immersion in CC], solutions of BDO for periods as long as 16 hr. Although 
LiOH is insoluble in acetone, it forms a ternary compound (55.4% LiOH 
and 44.6% water and acetone) in the presence of both acetone and water, '” 
thus removing the catalyst. 

In a series of experiments, water was removed after the fabrics had 
been pretreated with 2% NaOH by drying in a vacuum desiccator over 
P.O; or CaCl. Drying periods as long as 16-24 hr. removed too much 
water, and no reaction between the cotton and BDO resulted, since a 
certain amount of water is required for the ionic mechanisms of epoxide 
ring opening.'*!4 When the drying periods over P20; were shortened to 
3-4 hr., excellent crease-resistant fabrics were obtained at low weight 
gains of BDO. For example, fabric pretreated with 2% aqueous NaOH, 
dried over P.O; for 2 hr., and then immersed in the BDO solution showed 
a weight gain of 4% in 4 hr. and the resultant fabric had dry and wet 
crease angles of 305° and 280°, respectively. Solvent extracted fabrics 
of like weight gain had dry and wet angles of 235° and 250°, respectively; 
those samples not solvent-extracted had dry and wet angles of only 215° 
and 230°, respectively, at like weight gains. Typical data obtained by 
P.O; drying of fabrics pretreated with 2% aqueous NaOH before applica- 
tion of BDO are shown in Table III. Further increase of weight gain beyond 
4% BDO after drying over P,O; resulted in no change in wet crease angles 
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but some decrease in dry crease resistance. The fabrics with highest 
crease-resistant properties retain approximately 70% of their breaking 
strengths and 50% of their original tearing strengths in both warp and 
fill directions. These strength retentions were higher than for those 
fabrics not dried before application of BDO, even though the crease angles 
of the latter were not as high. These data indicated that the presence 
of water in cotton at the time of reaction with BDO was an important 
factor in determining the product. If only enough water is present as is 
required for the ionic mechanism of epoxy ring opening, there is less com- 
petition between cellulose and water molecules. In large excess of water, 
there is very little reaction with cellulose but rather reaction with water 
results in formation of polyols and a viscous oily polymer layer which 
floats at the top of the reaction cylinder. At certain concentrations of 
water, both reaction with cellulose as well as with water occurs; in many 
instances graft polymerization to the cellulose results. Best crease-re- 
sistant properties result with small add-ons to cellulose at the desired reac- 
tion sites. These instances occur with a smaller amount of graft polymer- 
ization and a greater percentage of crosslinks per weight of BDO added to 
cellulose. 

Typical fabric properties obtained at comparable weight gains under 
various conditions of removing water from fabric pretreated with 2% aque- 
ous NaOH before application of BDO from a 20% solution of BDO in 
CCl, are shown in Table IV. These data were selected to point out dif- 


ferences in fabric properties at like weight gains obtained when different 
amounts of water are present at time of reaction. 


Effects of Concentration of Base Used in Pretreatment 


Under experimental conditions of this investigation, the volume of the 
organic liquid phase is large compared with the volume of the aqueous 
phase, and for low add-ons the concentration of BDO in the organic phase 
can be considered as approximately constant throughout the reaction. 
For such experimental conditions, the percentage of weight gain of BLO to 
cotton varied linearly with the time of reaction for each concentration of 
NaOH used in pretreatment. For a given concentration of NaOH, the 
reaction rate is a pseudozero-order reaction. Therefore, it was possible to 
get fabrics of approximately equal weight gains of BDO after various 
pretreatments by varying the times of reaction in BDO. 

For add-ons up to 2% BDO, there was little increase in wet crease 
resistance, 225(W+F)°, for fabrics pretreated with NaOH as concentrated 
at 6%. For more concentrated base pretreatments, the wet crease re- 
sistance was increased, and wet crease angles of 250-260(W+F)° could 
be obtained with 15% NaOH pretreatments even at this low add-on. 
Dry crease resistance showed slight improvements, 220(W+F)°, at this 
low add-on only for pretreatments with solutions less concentrated than 
6% NaOH. For higher concentrations of base pretreatments, the dry 
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crease reistance was about 240° for the 10% base pretreatment, and about 
200(W +F)° for higher base pretreatments. 

It was found that both dry and wet crease resistance was obtained with 
5% BDO add-ons to fabric pretreated with 10% aqueous NaOH. These 
results were different from those obtained previously with BDE,! which 
imparted only increased wet crease resistance to fabric pretreated with 
aqueous NaOH solutions more concentrated than 5%, regardless of add- 
ons of BDE. The fact that BDE is soluble only in dilute base whereas 
BDO is soluble in concentrated base might account for these differences. 
In addition, it was found in this investigation that fabrics pretreated with 
aqueous NaOH as concentrated at 15% could attain a fair degree of dry 
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Fig. 1. Variation of crease angles with add-on of BDO applied from CCl, solution to 
fabrics pretreated with 15% aqueous NaOH; (O) dry crease angle; (@) dry crease 
angle on samples solvent-extracted with acetone and ether before immersion in BDO 
solution; (©) wet crease angle; (©) wet crease angle on samples solvent-extracted with 
acetone and ether before immersion in BDO solution. 


crease resistance at higher add-ons of BDO. Figure 1 shows changes in 
wet and dry crease angles with add-ons of BDO out of CCl, to fabrics which 
had been pretreated with aqueous 15% NaOH. Higher wet recovery than 
dry recovery was obtained at all weight gains. While wet crease angles 
as high as 300(W+F)° could be obtained at add-ons of BDO as low as 7%, 
dry crease angles of 250(W +F)° required add-ons as large as 10% BDO. 

In those experiments where solvent extractions with acetone and ether 
were made after pretreatments with aqueous 15% NaOH, there was little 
change in either wet or dry crease resistance at lower add-ons of BDO, 
as indicated in Figure 1. 

Curves shown in Figure 1 are also representative of similar data obtained 
after pretreatments with 23% aqueous NaOH. 
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Figures 2 and 3 show changes in wet and dry crease angles, respectively, 
with changes in concentration of NaOH used in pretreatments to obtain 
BDO-treated fabrics of approximately 5% weight gains. Also shown in 
these figures are the crease angles obtained after water was extracted by 
use of acetone and ether from fabrics pretreated with the various bases 
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Fig. 2. Variation of wet crease angles of fabric of 5% add-on of BDO with concentra- 
tion of NaOH used in pretreatments: (O) angles obtained without water extraction; 
(@) angles obtained after extraction of water with acetone and ether before application of 
BDO; (©) control (P20; drying). 
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Fig. 3. Variation of dry crease angles of fabric of 5% add-on of NaOH used in pre- 
treatments: (O) angles obtained without water extraction; (@) angles obtained after ex- 
traction of water with acetone and ether before application of BDO; (©) control (P20; 


drying). 
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before immersion in the BDO solutions. At the 5% add-on of BDO, wet 
crease angles were greater than that of the control fabric and increased 
with increase of concentration of base used in pretreatment up to a maxi- 
mum of approximately 250(W+F)°, which was reached at the 10% NaOH 
concentration. Solvent extraction with acetone and ether after the pre- 
treatment step brought about some increase in wet crease angles, and drying 
by P.O; after pretreatment with dilute base gave even greater improvement 
in wet crease angles, as indicated in Figure 2. Dry crease angles, which 
were greater than that of the control for these fabrics of 5% add-on of BDO, 
decreased with increase in concentration of base used in pretreatments, 
as shown in Figure 3. The solvent extraction increased dry crease angles 
only of fabrics pretreated with NaOH no more concentrated than 10% 
as shown in Figure 3. It is of interest to note that the effect of removal of 
water is more than just a concentrating effect on the alkali solution. For, 
if the removal of water simply caused an increase in the concentration of 
base used in pretreatment, the dry angles would have decreased rather than 
increased. Also shown in Figure 3 is a value typical of that obtained by 
drying the fabric pretreated with 2% NaOH over P,O;. This mode of dry- 
ing has an even greater effect on the improvement in dry crease resistance 
of fabric pretreated with dilute base. 


Effect of Heat on BDO-Treated Fabrics 


Treated fabrics were refluxed in N,N’-dimethylformamide (DMF), 
(b.p. 154°C.) for 3 hr. in attempts to remove entrapped polymer. In 
those fabrics of weight gains under about 15%, no detectable losses in 
weight were observed after extraction. In those instances of excessive 
weight gains, where the fabrics were boardy and brittle, entrapped poly- 
mer was removed, and weight losses were noticeable. It was observed in 
some instances that there was a considerable change in crease angles after 
extraction, even though weight losses were negligible. This phenomenon 
had been observed previously with BDE.! Therefore, the effect of heat on 
the treated fabrics was investigated. Data in Table V show typical 
changes in wet and dry crease angles after extraction in DMF and after 
heating for 30-min. intervals in an oven at 160°C. These data indicated 
that heat, and not the solvent, was responsible for observed changes in crease- 
resistant properties. Data in Table VI show that the observed increases in 
dry crease resistance can be obtained after only 10 min. of heating at 160°C. 

A fabric pretreated with 2% aqueous NaOH and immersed in a CCl, 
solution of 20% BDO for 6 hr. showed an 11.3% add-on of BDO after being 
washed and air-dried. The conditioned dry crease angle of this fabric 
was 252(;W+F)°. Portions of this fabric heated for 30 min. at 20°C. 
intervals between 40 and 120°C. had dry crease angles ranging from 249 
to 253(W+F)°. Those samples of fabric heated for 30 min. at 140 and 
160°C. showed dry crease angles of 265 and 278(W +F)°, respectively. 

Tensile tests on BDO-treated fabrics before and after the heat treatments 
showed no significant differences in either tearing or breaking strengths. 
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TABLE V 
Effect of Heat on Crease Angles of BDO-Treated Fabrics* 


Crease angles 


(W + F), degrees Strength retentions, % 
Sample After- a ein naira... Setlagtass aden: ae ates 


add-on, % treatment> Wet Dry Breaking Tearing 


0 251 
3.0 H 30: 297 
3.0 293 
5.9 24! 219 

214 

267 

248 

273 

232 

242 

278 

275 

292 

272 

H 301 
H,E 312 
E 260 
E, H 304 
am 278 
H 287 301 


*80 X 80 Print cloth pretreated with 0.5M aqueous NaOH and then immersed in 
20% BDE in CC\, for various reaction times at 25°C. 

> H indicates heating of fabric at 160°C. for '/2 hr.; E indicates extraction in 
dimethylformamide at 154°C. for 3 hr. 


TABLE VI 
Change in Crease Angles of BDO-Treated Cotton with Time of Heating at 160°C." 


Crease angles (W + F), degrees 

Heating time, min. Wet Dry 
0 256 227 

5 222 248 

10 231 268 

15 241 266 

20 245 268 

25 244 275 

30 245 256 


*80 X 80 Print cloth pretreated with 2% aqueous NaOH before application of 20% 
BDO in CC\, over a period of 6 hr. at 25°C. (weight gain 4.0%). 


Therefore, changes in stress-strain relationships with temperature varia- 
tions were investigated to detect possible second order transition tempera- 
tures of BDO treated cottons. 

Results of stress-strain experiments performed on yarn of 15% BDO 
add-on at temperatures varying from 90 to 190°C. are under investigation. 
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The untreated yarn had a Tex of 143; the BDO treated yarn had a Tex of 
170 before being heated and a Tex of 168 after being heated to 160°C. 
for 30 min. The change in Tex can be accounted for by the 15% add-on 
of BDO. Preliminary experiments have shown that when tenacities, 
elongations at break, energies of break, and stiffness values of BDO- 
treated yarns are plotted against temperature there is a change in each of 
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Fig. 4. Variation of breaking strength of yarns with temperature: (©) untreated 
yarn; (O) BDO-treated yarn of 15% add-on; (@) same BDO-treated yarn subsequently 
heated to 160°C. for 30 min. 


these properties between 140 and 160°C. The changes in breaking 
strengths, elongations at break, and stiffness values with temperature are 
shown in Figures 4, 5, and 6, respectively. Further work is in progress 
to determine with certainty the second-order transition temperature of 
BDO-treated cotton. 


Microscopical Examinations 


Uniformity of reaction and extent of crosslinking were determined by 
(1) optical microscopical observations of fibers after 30 min. immersion 
in 0.5M cuene to determine extent of swelling or dissolution of treated 
fibers, and (2) by electron micrographs of ultrathin sections (800-1000 A.) 
of treated fibers after JO min. immersion in 0.54/ cuene. Such microscop- 
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Fig. 5. Variation of elongation at break of yarns with temperature: (©) untreated 
yarn; (O) BDO-treated yarn of 15% add-on; (@) same BDO-treated yarn subsequently 
heated to 160°C. for 30 min. 
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Fig. 6. Variation of stiffness (1.0% extension) of yarns with temperature: (@) 
untreated yarn; (O) BDO-treated yarn of 15% add-on; (@) same BDO-treated yarn sub- 
sequently heated to 160°C. for 30 min. 








Fig. 7. Electron micrographs of ultrathin cross sections of BDO-treated fibers after 30 
min. of immersion in 0.5M cupriethylenediamine: (a) 0.5M aqueous NaOH pretreat- 
ment, 7% add-on; (b) 0.5M aqueous NaOH pretreatment followed by extraction in ace- 
tone, then ether, 7% add-on; (c)0.5M aqueous LiOH pretreatment, 4% add-on; (d) 
0.5M aqueous NaOH pretreatment followed by drying 3 hr. over P2O;, 4% add-on; (e) 
same as (a) but heated 30 min. at 160°C. after BDO treatment. Platinum shadowing, 
X 10,000. 
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ical observations of specimens taken from fabrics treated with BDO after 
various pretreatments showed that fabrics pretreated with 0.5/4 NaOH 
and then reacted with BDO to about 7% add-on had a high degree of cross- 
linking as evidenced by cuene insolubility. Both the whole fibers viewed 
longitudinally and ultrathin cross sections swelled only slightly and gave 
no evidence of dissolution in cuene. Specimens taken from fabrics of like 
weight gains of BDO after pretreatments with aqueous 0.5M NaOH but 
solvent-extracted with acetone and ether seemed to possess a higher degree 
of crosslinking, as there was less swelling in cuene at both the whole fiber 
and ultrathin cross section levels. Electron micrographs of ultrathin cross 
sections taken from fabrics of typical treatments with 0.54 NaOH with 
and without extractions of water before application of BDO are shown in 
Figures 7b and 7a, respectively. Figure 7c is typical of fabric pretreated 
with 0.5M LiOH and shows that the cross section looks like that of the 
original cotton fiber before immersion in cuene, thus indicating a high degree 
of crosslinking. Figure 7d is that of a fiber taken from a fabric pretreated 
with 0.5M aqueous NaOH and dried over P.O; before application of BDO. 
Although this fabric had very high wet and dry crease resistance (276 
and 305°, respectively), the ultrathin cross section showed a greater degree 
of swelling and dissolution at the ultrathin level than at the whole fiber 
level. 

Microscopical examinations of those fabrics whose dry crease angles 
increased after being heated at 160°C. for half an hour showed “crinkled 


cross sections” as evidenced by ridges on electron micrographs of ultrathin 
cross sections. These ridges were not observed in fibers from fabrics which 


were not heated. Figure 7e is typical of a cross section of a fiber from a 
BD0O-treated fabric which had been heated. 


The authors wish to express their appreciation to Miss Anna T. Moore and Mrs. 
Jarell H. Carra for preparation and interpretation of electron micrographs; to Miss 
Zagrida Zarins for measurements of optical rotations; to Mr. Anthony R. Markezich 
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Henry A. Allen, Mrs. Louise N. Bosworth, and Miss Rose Mary Carriere of the Textile 
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Résumé 


On a étudié la réaction du coton cellulosique avec des isoméres d, / du diépoxyde de 
butadiéne (BDO) en présence de catalyseurs basiques continuant ainsi un travail an- 
térieur sur la réaction entre le coton cellulosique et l’isomére méso (BDE). On a trouvé 
que le BDO réagissait de fagon semblable en solution de CCl, avec des tissus prétraités 
avec des solutions alcalines diluées. On a cependant trouvé que le BDO, contrairement 
4 l’isomére méso qui est moins soluble dans les bases concentrées augmente la résistance 
au froissement 4 sec aussi bien que humide de coton prétraité avec des solutions aqueuses 
dont la concentration en NaOH s’éléve 4 23%. On confére une augmentation de la ré- 
sistance au froissement humide du coton pour de faibles additions de BDO au tissus 
prétraités avec toutes les concentrations en base. Une résistance accrue au froissement 
4 sec est obtenue 4 de faibles additions de BDO, uniquement aux tissus prétraités avec des 
solutions dilués de NaOH. Pour les tissus prétraités avec 10 4 15% de NaOH des addi- 
tions plus importantes de BDO sont requises pour conférer une résistance élevée au 
froissement 4 sec et au froissement humide. La vitesse de la réaction augmente avec 
une concentration croissante en base ou par enlévement d’eau des tissus prétraités avec 
de la base diluée. Dans ce dernier cas la vitesse d’augmentation de la résistance au 
froissement 4 sec augmentait aussi. Des examens optiques microscopiques de fibres et 
des micrographies électroniques de sections transversales ultraminces de ces fibres aprés 
immersion dans le cuéne ont mis en évidence un certain degré de pontage de la cellulose. 
Les données obtenues de ces observations microscopiques ont été mises en relation avec 
des propriétés textiles de ces tissus. On a étudié des variations intéressantes avec la 
chaleur sur les propriétés des tissus de coton traité par le BDO. On a obtenu des 
propriétés optimales pour les tissus en reduisant la quantité d’eau de la base aqueuse et 
réduisant ainsi le degré de polymérisation du BDO. On donne également des résultats 
pour montrer l’influence de l’hydratation du cation de la base forte sur le degré de poly- 
mérisation du BDO. 


Zusammenfassung 


In Fortsetzung friiherer Arbeiten iiber die Reaktion zwischen Baumwollcellulose und 
dem meso-Isomeren von Butadiendiepoxyd (BDE) wurde nun die Reaktion zwischen 
Baumwollcellulose und den d,l-Isomeren (BDO) bei Basenkatalyse untersucht. Das 
BDO zeigte aus CCl,-Lésung mit Geweben, die mit verdiinnten, basischen Lésungen 
vorbehandelt worden waren, ‘hnliche Reaktion, wie das meso-Isomere; ungleich diesem, 
das in konzentrierten Basen weniger ldslich ist, lieferte aber BDO eine Erhéhung der 
Trocken- und Nassknitterfestigkeit von Baumwolle bei Vorbehandlung mit wiissrigen 
Lésungen mit Konzentrationen bis zu 283% NaOH. Niedrige Zusiitze von BDO zu 
Geweben, die mit beliebigen Basenkonzentrationen vorbehandelt worden waren, 
lieferten eine erhéhte Nassknitterfestigkeit der Baumwolle. Niedrige Zusitze von 
BDO ergaben aber nur bei Geweben, die mit verdiinnten NaOH-Lésungen vorbehandelt 
worden waren, erhéhte Trockenknitterfestigkeit. Bei Vorbehandlung der Gewebe mit 
10% oder 15% NaOH waren zur Erzielung einer hohen Trocken- und Nassknitterfestig- 
keit héhere Zusiitze von BDO erforderlich. Die Reaktionsgeschwindigkeit wurde durch 
Erhéhung der Basenkonzentration oder durch Entfernung von Wasser aus mit ver- 
diinnter Base vorbehandelten Geweben gasteigert. Im letzteren Fall trat auch eine 
Zunahme der Geschwindigkeit der Erhéhung der Trockenknitterfestigkeit ein. Unter- 
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suchung der Faser mit dem Lichtmikroskop und elektronenmikroskopische Aufnahmen 
von ultradiinnen Schnitten dieser Fasern nach Immersion in Cuen lieferten Hinweise auf 
den Vernetzungsgrad der Cellulose. Die mikroskopischen Beobachtungen wurden mit 
den textilen Eigenschaften der Gewebe in Korrelation gesetzt. Interessante Anderun- 
gen der Gewebeeigenschaften von BDO-behandelter Baumwolle beim Erhitzen wurden 
untersucht. Optimale Gewebeeigenschaften wurden durch Reduzierung der Was- 
sermenge in Baumwolle nach der Vorbehandlung mit wissrigen Basen und die dadurch 
bedingte Reduzierung des Polymerisationsgrades von BDO erhalten. Auch Ergebnisse 
beziiglich des Einflusses der Hydratation des Kations einer starken Base auf den Poly- 
merisationsgrad von BDO werden mitgeteilt. 


Received September 4, 1962 
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Properties of Melt-Blends of Crystalline High 
Polymers. Fusion and Crystallization Behaviors 


MASAKAZU INOUE, Plastics Laboratory, Toyo Rayon Co., Ltd., Tokodori, 
Showaku, Nagoya, Japan 


Synopsis 


The fusion and crystallization behavior of melt blends of crystalline high polymers 
was studied by differential thermal analysis. The crystalline high polymers used for the 
experiments are nylon 6, nylon 66, nylon 11, high density polyethylene, and isotactic 
polypropylene. The thermograms of fusion of the melt blends indicate that each com- 
ponent produces an endothermic peak which retains its characteristic shape. In the 
blends of two crystalline polymers, only the melting point of high melting component is 
lowered, while that of low melting component hardly shifts. As for the degree of crys- 
tallization of each component in the blends, the major component crystallizes to a higher 
degree than the minor component. In the blends, the crystallization peak temperature 
of the high melting polymer decreases, while that of the low melting polymer increases. 
The morphological structures of each component, especially those of the low melting 
component, in the blends are affected by blending. 


INTRODUCTION 


Most of the theoretical and practical investigations of the properties 
of physical mixtures of polymers have been restricted to the amorphous 
polymer systems. The properties of amorphous polymer blends have been 
elucidated by many authors. Recently, Newman! reported on the charac- 
terization of stereoregular polymers and showed that the crystallization of 
partially tactic polypropylene follows the theoretical relation for crystal- 
lization in copolymers set forth by Flory.? 

The properties of melt blends of crystalline high polymers or block copol- 
ymers of crystallizable units have been little studied. Following Flory,?* 
the equilibrium melting temperatures of copolymers, 7’, are given by eq. 
(1): 

(1/Tm) — 1/Tm = —(R/AH,) ln p (1) 


where 7",, is the melting temperature of homopolymer, AH, is the heat of 
fusion per mole of crystallizing unit, R is the gas constant, and p is the se- 
quence propagation probability; that is, the probability that one crystal- 
lizing group in the chain is succeeded by another identical group. Accord- 
ing to eq. (1), the melting point depression of a copolymer depends not 
only on the heat of fusion of the crystallizing units but also on the sequence 
propagation probability of crystallizing units. Thus, if the crystallizing 
3427 
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units occur in random distribution in the copolymer, p can be equated with 
the mole fraction of comonomer units, X,, and eq. (1) can be written as 


(1/Tm) — (1/Tm) = —(R/AH,) In X, (2) 


Thus the Flory equation, eq. (2), is applicable to copolymers in which the 
two types of units occur in random sequences and the amounts of one unit 
are small compared with those of another unit. The Flory equation has 
been examined in the cases of polyamides,‘~® polyesters,** and diene 
compounds."!-!2, Generally, the effect of random copolymerization is a 
lowering in the crystallinity. This is shown by a decrease in modulus, in 
density, and in melting point of the copolymer. However, if the two units 
are crystallographically similar, then cocrystallization can occur; this 
phenomenon has been observed for copolymers of hexamethylene tere- 
phthalamide and hexamethylene adipamide and is indicated by a monotonic 
increase in melting temperature.’:-1%-14 Recently, Yu and Evans'® 
have found that the cocrystallization of the terephthalic and adipic acid 
residues occurs in copolyamides. 

The studies on the fusion and crystallization of copolymers have been 
limited to cases where the crystallizable units are distributed in a random 
sequence distribution. For a block copolymer in which identical crystal- 
lizable units occur in very long sequences, the sequence propagation prob- 
ability parameter p in eq. (1) will greatly exceed the concentration of crys- 
tallizable units, X, ineq. (2). Therefore, in accordance with this equation, 
the melting temperature for such a copolymer should not be depressed as 
much as for the corresponding random copolymer of the same composition. 
The melting point-composition relation for a block copolymer is expected 
to be similar to that for blends of the two crystallizing homopolymers. 

In this paper, we have studied fusion and crystallization behaviors of 
melt blends of nylon 6, nylon 66, and nylon 11, and the blends of high den- 
sity polyethylene and isotactic polypropylene by use of differential thermal 
analysis. 


EXPERIMENTAL 


Materials 


Melt-blended specimens of various compositions were prepared by mix- 
ing in an extruder. The average molecular weight of the crystalline high 
polymers used for the blends are tabulated in Table I. 


TABLE I 
Materials Used in the Experiments 





Polymers Average molecular weight 





Nylon 6 15,000 (M,,) 
Nylon 66 18,000 (7,,) 
Nylon 11 12,000 (M7,,) 
High density polyethylene 200,000 (Mw) 
Isotactic polypropylene 150,000 (Mw) 
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The specimens used for the differential thermal analysis were prepared 
by melting the blends at a temperature 30°C. above the melting point of 
the high melting component and then by crystallizing them at a tempera- 
ture 30°C. below the melting point of the low melting component. 


Differential Thermal Analysis Apparatus 


A conventional differential thermal analysis apparatus, DT-10 Type, 
manufactured by Shimazu Seisakusho Ltd., was used. It consists of a 
heating block, a sample chamber, and a recorder. The inner diameter of 
the heating block is 35 mm. and the length is 100 mm. The sample cham- 
ber is made of nickel block which has two holes; one is for the sample cell 
and the other is for the reference sample cell. The temperature of the 
sample chamber and the difference between the temperatures of the sample 
and the reference sample were determined by thermocouples connected to 
a potentiometer. ‘The cells for the sample and the reference sample are 
made of platinum and are 6 mm. in diameter. They are inserted into the 
holes of the sample chamber. Quartz glass powder was used for the ref- 
erence sample. The sample measured was in the form of polymer chip 
about 1 mm. in diameter and about 1.5 mm. in length. In each measure- 
ment, 50 mg. of sample was taken. 


Calculations of Crystallinity and Density 


The density and the crystallinity of each homopolymer were measured. 
Then, their melting peak areas were determined from the thermograms of 
fusion. The thermograms of the melt blends were obtained under the same 
measurement conditions. The crystallinity of each component in the 
blends as calculated from its melting peak area and its composition in the 
blend. The density of the blends as calculated from the compositions 
and the densities of the components which were obtained from their crys- 
tallinities by assuming that the additivity can be applicable to the density. 
The calculated densities of the blends were compared with those measured 
by use of the density gradient column. The degree of crystallization of 
the components in the blends during the course of temperature decrease 
was estimated by a similar calculation. 


RESULTS AND DISCUSSION 
Fusion Behavior of the Melt Blends 


The densities of the melt blends of nylon 6 and nylon 11 in various com- 
positions were measured at 25°C. by use of a density gradient column. 
The relation of the density to the composition is nearly linear, as shown in 
Figure 1. The thermograms of fusion of the blends show that each com- 
ponent produces an endothermic peak corresponding to fusion of the crys- 
talline portion of the polymer, which retains its characteristic shape as 
shown in Figure 2. The melting peak temperatures of nylon 6 in the mix- 
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Fig. 1. Densities of blends of nylon 6 and nylon 11 and of components of the blends. 


tures indicate slightly lower melting points than observed with pure nylon 
6, while those of nylon 11 hardly shift in going from mixtures to pure com- 
pound. It was found that, generally, only the melting point of the higher 
melting polymer is lowered in blends of two crystalline polymers. This 
shift may be explained by the Flory theory of melting temperature depres- 
sion of polymer-diluent mixtures.* The melting points of nylon 6 and 
nylon 11 in their physical mixtures are plotted against the composition in 
Figure 3. Coffey and Meyrick” have determined the melting point- 
composition relation for the block copolymer of ethylene adipate and ethyl- 
ene sebacate, and for the blends of their homopolymers by the penetrom- 
eter method. They obtained S-shaped curves as shown in Figure 4. 
Penetrometry is not a satisfactory method for obtaining exact thermody- 
namic data. If they had measured the melting points by differential ther- 
mal analysis, they would have detected two melting points resulting from 
these two homopolymers. 

In Figure 2, the two endothermic peaks are not always separated, and 
some overlapping portions occur. The evaluation of the peak areas of 
the components was carried out by dividing the overlapping regions into 
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areas belonging to each component graphically, as shown in Figure 5. 
The peak areas are almost proportional to the amount of each material 
present. The degree of crystallinity and then the density of each com- 
ponent in their physical mixtures were calculated with reference to the 
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Fig. 3. Melting peak temperature of nylon 6 and nylon 11 in their blends. 
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Fig. 4. Melting paints of ethylene adipate-ethylene abacate copolymers (random, 
block, and melt blend) determined by a penetrometer method (data of Coffey and 


Meyrick"). 
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Fig. 6. Degree of crystallinity of nylon 6 and nylon 11 in their blends. 
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Fig. 7. Densities of blends of nylon 66 and nylon 6. 
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Fig. 8. Thermograms of crystallization of blends of nylon 6 and nylon 11. Cooling rate: 
7.5°C./min. 
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Fig. 9. Thermograms of crystallization of high density polyethylene (PE), isotactic poly- 
propylene (PP) and a blend (PE/PP = 20/80 by weight). Cooling rate: 4°C./min. 


peak area, the crystallinity, and the density of the homopolymers compos- 
ing the blends. Figure 6 shows the relation of the crystallinities of nylon 
6 and nylon 11 in their blends to the composition. The crystallinity of one 
component decreases slightly with increase of the amount of another com- 
ponent. This decrease of crystallinity is much smaller compared with that 
in the random copolymer. 

From these results, it can be concluded that for the blends of crystalline 
polymers, the major component crystallizes to a higher degree than the 
minor component. In the block copolymer, the parameter p in eq. (1) 
must be much larger than the concentration, X,, and have a value very close 
to unity. Thus the introduction of a chain of a second type unit in a phys- 
ical mixture results only in a very slight reduction of the melting point of 
the polymer, and the reduced melting temperature remains essentially 
invariant with composition. 

The densities of each component in the blends and then those of their 
blends calculated from the crystallinities are plotted against composition 
in Figure 1. The calculated densities of the blends agree well with the 
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densities measured by use of the density gradient column. Also, the densi- 
ties of the blends of nylon 66 and nylon 6 are almost in linear relation to the 
composition, as shown in Figure 7. Strictly, in the composition region of 
nearly equal weight of two components, the linear relation deviates slightly. 


Crystallization Behavior of the Melt Blends 


Figure 8 illustrates the thermograms of crystallization of the blends of 
nylon 6 and nylon 11. In our previous paper,’ we showed that the exo- 
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Fig. 10. Crystallization peak temperatures of nylon 6 and nylon 11 in their blends. 
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Fig. 11. Degree of crystallization of nylon 6 and nylon 11 in their blends during the course 
of temperature decrease. Cooling rate: 7.5°C./min. 
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Fig. 12. Photomicrographs of spherulites of a 50/50 blend of high density poly- 
ethylene and isotactic polypropylene: (a) at room temperature; (b) at 150°C. Crossed 
nicols, X 200. 


thermic peaks due to crystallization are located at 186°C. in nylon 6, 
at 229°C. in nylon 66, at 160°C. in nylon 11, at 112°C. in high density 
polyethylene, and at 115°C. in isotactic polypropylene. Similar to the 
thermograms of fusion, the thermograms of crystallization of the blends 
show that each component produces a peak retaining its characteristic 
shape. As shown in Figure 9, for the blends which are composed of the 
polymers crystallizing at almost identical temperatures, only one exothermic 
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peak due to crystallization can be observed; this case is in the blends of 
high density polyethylene and isotactic polypropylene. As shown in 
Figure 10, the crystallization peak temperatures of nylon 6 in the blends of 
nylon 6 and nylon 11 are slightly lower than that observed with the pure 
nylon 6, while the crystallization peak temperatures of nylon 11 in the 
blends increase slightly with increase of the amount of nylon 6. It was 
found that generally, the crystallization temperature of high melting poly- 
mer decreases, while that of low melting polymer increases, in their blends. 

In the blends of nylon 66 and nylon 6, crystallization peaks are observed 
at 215-216°C. for nylon 66 and 185-190°C. for nylon 6. 

The degrees of crystallization of each component in the mixtures were 
calculated by comparing the heat of crystallization with the heat of fusion 
in the crystalline region, which is evaluated from the peak area. Figure 
11 shows the apparent degree of crystallization of the major component is 
higher than that of the minor component. This tendency was ascertained 
in the thermograms of fusion shown in Figure 6. 


Spherulites of the Melt Blends 


Polymer film, about 30 uw in thickness, was made by heating a small 
quantity of carefully dried polymer blend on an electrically heated plate 
between an object and cover glass and pressing to a thin film. Figure 12 
shows spherulites of a blend of equal amounts by weight of high density 
polyethylene and isotactic polypropylene. The spherulites at room tem- 
perature are similar in appearance to the ‘“‘mixed’’ forms in polypropylene 
observed by Padden and Keith."® As is obvious from the photomicro- 
graphs, the spherulites of high density polyethylene (the low melting com- 
ponent) in the blend with isotactic polypropylene (the high melting com- 
ponent) are fine in size and irregular in shape. Above the melting point of 
polyethylene, only the large spherulites of polypropylene remain. It 
may be concluded that in the blends, while the morphological structures of 
each component, especially those of low melting component, are somewhat 
affected, the thermodynamic properties of both components remain almost 
invariant. This is also suggested by our previous paper!’ and other 
authors.” 


The author takes this opportunity to thank Mr. T. Suyama for his assistance in this 
work. 
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Résumé 

On a étudié par analyse thermique différentielle le comportement 4 la fusion et a la 
cristallisation de mélanges fondus de hauts polyméres cristallins. On a utilisé les hauts 
polyméres cristallins suivants: le nylon 6, le nylon 66, le nylon 11, du polyéthyléne de 
haute densité et du polypropyléne isotactique. Les thermogrammes de fusion des 
mélanges fondus nous montrent que chaque composant crée un pic endothermique qui 
garde sa forme caractéristique. Lors du mélange de deux polyméres cristallins, seul le 
point de fusion du composant qui fond le premier est plus bas, tandis que celui du second 
composant est difficilement déplacé. En ce qui concerne le degré de cristallisation de 
chaque composant, celui du composant principal est supérieur 4 celui du composant 
mineur. Dans ces mélanges, la température du pic de cristallisation diminue pour les 
polyméres 4 haut point de fusion, tandis qu’elle augmente pour les polyméres 4 bas 


point de fusion. La structure morphologique de chaque composant, et spécialement 
celle du composant 4 point de fusion inférieur, se trouve affectée par le fait du mélange. 


Zusammenfassung 


Das Schmelz- und Kristallisationsverhalten von Mischschmelzen kristalliner Hoch- 
polymerer wurde differential-thermoanalytisch untersucht. Die bei den Versuchen 
verwendeten kristallinen Hochpolymeren waren Nylon 6, Nylon 66, Nylon 11, Poly- 
ithylen hoher Dichte und isotaktisches Polypropylen. Die Schmelzthermogramme der 
Mischschmelzen zeigen, dass jede Komponente eine endotherme Spitze erzeugt, die 
ihre charakteristische Gestalt beibehalt. In Mischungen von zwei kristallinen Poly- 
meren wird nur der Schmelzpunkt der hochschmelzenden Komponente erniedrigt, 
wahrend sich der der niedrigschmelzenden Komponente kaum verschiebt. Was den 
Kristallisationsgrad jeder Komponente in der Mischung betrifft, so kristallisiert die 
Hauptkomponente in einem héheren Grad als die Nebenkomponente. Die Temperatur 
der Kristallisationsspitze des hochschmelzenden Polymeren nimmt in der Mischung ab, 
wihrend diejenige des niedrigschmelzenden Polymeren zunimmt. Die morphologische 
Struktur jeder Komponente, besonders die der niedrigschmelzenden, in der Mischung 
wird durch das Mischen beeinflusst. 
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Copolymerization of Aldehydes 


H. F. MARK, and N. OGATA,* Polymer Research Institute, Polytechnic 
Institute of Brooklyn, Brooklyn, New York 


Synopsis 


Copolymerization of aldehydes has been carried out in the presence of anionic and 
cationic catalysts. Triisobutylaluminum gave an elastic copolymer of formaldehyde 
and acetaldehyde which did not melt until above 300°C. and did not dissolve in any 
organic solvents. The rate of the copolymerization of formaldehyde and acetaldehyde 
at —78°C. was very rapid, the reaction going to completion within 30 min. ‘The thermal 
stability of the copolymer of formaldehyde and acetaldehyde was better than that of 
polyacetaldehyde but was inferior to that of polyformaldehyde; it reaches a minimum 
in the composition range of 40/60 to 60/40 of formaldehyde and acetaldehyde. 


Many reports on the polymerization of aldehydes have been published. 
Recently, it has been found!—* that some organometallic compounds such 
as triethylaluminum or diethyl zinc have a catalytic effect on the poly- 
merization of acetaldehyde and other higher aldehydes, resulting in 
highly crystalline polyethers. However, few reports on the copolymeri- 
zation of aldehydes can be found. The aldehyde copolymers are expected 
to have good elastic properties and a high affinity for water. Formalde- 
hyde, acetaldehyde, and propionaldehyde were copolymerized in an inert 
solvent in the presence of anionic and cationic catalysts. 


EXPERIMENTAL 
1. Purification of Monomers 


Commercial paraformaldehyde was decomposed at 150-170°C. in a 
nitrogen atmosphere. Formaldehyde gas was passed through three cold 
traps kept at —15°C. and then introduced into toluene containing 0.1% of 
butyllithium at —78°C. Purified formaldehyde gas was obtained by de- 
composing the dried polymer again in a nitrogen atmosphere and passing 
the gas through three cold traps kept at —15°C. 

The acetaldehyde which was obtained by decomposing paraldehyde in 
the presence of sulfuric acid was purified by distilling twice through a 
column of molecular sieve in nitrogen. Propionaldehyde was also purified 
by distilling in the presence of sodium hydroxide. The purity of each 
monomer was checked by gas chromatography. 


* Present address: State University College of Forestry, Syracuse, New York. 
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2. Copolymerization 


Copolymerization of aldehydes was carried out at —78°C. for 15 hr. 
under nitrogen atmosphere by adding the monomer solution to 1% cata- 
lyst solution. Transfer of the monomer solution into the catalyst solution 
was done by forcing the solution (kept at —78°C.) through a glass tube 
under nitrogen pressure. After the copolymerization, methanol was 
added and the polymer was filtered. The polymer and the methanol 
solution were placed in vacuum at room temperature and both residues were 
weighed. 


3. Thermal Stability of the Copolymer 


The aldehyde copolymers were placed in vessels which were heated by 
organic solvent vapor at a constant temperature, in a stream of nitrogen 
gas. The polymers were weighed after a given period of heating time. 


RESULTS 


1. Copolymerization of Formaldehyde and Acetaldehyde 


Table I shows results of the copolymerization of formaldehyde and 
acetaldehyde in the presence of anionic and cationic catalysts. 

The alcohol-insoluble polymers obtained with butyllithium are white 
powders with a strong odor of formaldehyde; the alcohol-soluble poly- 
mers are yellow, viscous liquids. The melting points of the alcohol- 
insoluble polymers are in the range of 160-175°C., and no change in the 
melting point due to the molar ratio of two monomers is found. 

Diethylzine gave the best yield of polymer among these catalysts, as can 
be seen in Table I. However, the polymer has a strong formaldehyde 
odor, and the change in the melting point of the polymer due to the molar 
ratio of two monomers is small. 

Infrared spectra of all the alcohol-insoluble polymers are almost identical 
with each other and with the spectrum of polyformaldehyde. Therefore, 
in the case of butyllithium and diethylzinc, it is supposed that only formal- 
dehvde polymerized to high polymer and no copolymer was obtained. 

In the case of diethylaluminum chloride, the copolymerization of form- 
aldehyde and acetaldehyde at a molar ratio of 28/72 produced a polymer 
having a melting point of 110-113°C. Since the infrared spectrum for 
this: polymer shows absorptions characteristic of the ketone carbonyl 
group, it is expected that this catalyst may give a different polymer from a 
polyether. Sodium ¢ert-butoxide gave a viscous liquid which had a poly- 
ether structure according to infrared analysis. 

Of the catalysts shown in Table I, triisobutylaluminum and a 1:1 
complex of diethylaluminum chloride/titanium tetrachloride gave an 
elastic polymer which did not dissolve in any organic solvents and which 
did not melt, even above 300°C. 
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TABLE I 
Copolymerization of Formaldehyde and Acetaldehyde* 





Polymer yield, % 


centile og ans seiner acl M.p. of 
Mono- Al- alcohol- 
Formal- _ Acetal- mer Al- cohol- insoluble 
dehyde, dehyde, conen., cohol- in- polymer 
Catalyst mole-% mole-% mole/l. soluble soluble Total “i. 
BuLi 38 62 14 42 25 67 160-170 

37 63 12 16 4 20 - 

22 78 5 13 13 13 ce 

23 77 5 2 45 47 <a 

49 51 5 35 27 62 a 

63 37 5 16 19 35 “ 

67 33 5 19 42 61 sis 

81 19 5 62 0 62 “ 
Zn(Et)s 26 74 5 — — 26 180-185 

45 55 5 — —_ 43 ” 

70 30 5 _— _ 64 * 

82 18 5 — — 100 175-178 
t-BuONa 35 65 5 35 0 35 Liquid 
Al(Et)2Cl 15 85 5 _ _ 5 157-164 

28 72 5 — — 8 110-113 

4i 59 5 —_— — 20 165-170 

78 22 5 — — 61 155-165 
Al(Et).Cl/ 21 79 5 0 12 12 >300 

TiChk 40 60 5 0 14 14 >300 

70 30 5 0 21 21 >300 
Al(i-Bu)s; 19 81 5 10 4 14 300 

27 73 5 15 15 30 300 

41 59 5 17 33 50 300 

55 45 5 15 37 52 160-165 

71 29 5 2 55 57 180-185 
BF; 16 84 5 0 0 0 — 

37 63 5 0 0 0 — 


* Polymerization conditions: catalyst concentration 0.01 mole/mole monomer; 
—78°C.; 15 hr. reaction in toluene. 


The infrared spectrum of the polymer obtained in the presence of tri- 
isobutylaluminum showed strong absorptions characteristic of the ether 
linkage and CH; and CH, groups, as shown in Figure 1. 

The apparent elasticity of the polymer increases with increasing molar 
ratio of acetaldehyde. The polymers having an initial formaldehyde/ 
acetaldehyde molar ratio in the range between 20/80 and 50/50 do not 
dissolve in alcohol, hydrocarbons, chlorinated hydrocarbons, ethers, or 
other common organic solvents, and they only swell in toluene and in a 
50/50 mixture of p-chlorophenol and tetrachloroethane. Since the poly- 
mer does not dissolve in any organic solvents, it is very difficult to obtain a 
clear infrared spectrum which leads to a quantitative determination of the 
composition of the polymer. A rough estimate of the composition of the 
polymer was obtained by decomposing the polymer at 180°C. in vacuum 
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and analyzing gases by means of gas chromatography with a Perkin- 
Elmer model 154B instrument. The gases produced were analyzed by 
passing through a column of polyethyleneglycol at 40°C. The form- 
aldehyde/acetaldehyde molar ratio was measured by use of a cali- 
bration curve which had been determined by decomposing mixtures of 
polyformaldehyde and polyacetaldehyde obtained in the presence of tri- 
isobutylaluminum. Results are shown in Table II. 


TABLE II 
Composition of the Polymer Obtained in the Presence of Al(7-Bu); 


Composition of reaction mixture Composition of the polymer 


Formaldehyde, Acetaldehyde, Formaldehyde, Acetaldehyde, 
mole-% mole-% mole-% mole-% 


19 81 25 75 
27 73 35 65 
41 59 50 50 
55 45 55 45 
71 29 85 15 


Since the reproducibility of the results was +20%, it is difficult to 
estimate the monomer reactivity ratio for formaldehyde and acetaldehyde. 
The copolymerization was carried out in toluene at several monomer 


concentrations at —78°C. for 15 hr., triisobutylaluminum (0.01 mole/mole 
monomer) being used as catalyst. Results are shown in Table IIT. 


TABLE III 
Effect of Monomer Concentration in Toluene 


Formal- _ Acetal- Monomer 
dehyde, dehyde, concn., Polymer Character of Polymer m.p., 
mole-%  mole-% mole/I. yield, % polymer we 


68 White solid 180-185 
67 White elastic ~200 
13 = >300 
17 >300 
70 >300 
23 >300 
34 >300 


68 32 
42 58 
‘ 80 
80 
80 
80 
80 


Saowwmat 
COoMmooNnNN 


— 


Generally, the yield of the polymer increases with increasing monomer 
concentration in toluene. The polymer does not melt, even above 300°C., 
and does not dissolve in any organic solvents. 

The rate «: copolymerization in the presence of triisobutylaluminum 
(0.01 mole/mole monomer) at a formaldehyde/acetaldehyde molar ratio 
of 20/80 was measured at —78°C. in the reaction apparatus shown in 
Figure 2. 
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Monomer 


solution 
Polymerization tube 


Fig. 2. Reaction apparatus for measuring the rate of copolymerization. 


The monomer solution in a vessel A was transferred into tube B (poly- 
merization tube) through tube C by evacuating the tube B. The atmos- 
phere in tube B was replaced by nitrogen, and the tube was sealed. A 
20% solution of triisobutylaluminum in toluene was added through the 
stopper by means of a syringe to a concentration of 0.01 mole/mole mono- 
mers. After a given period of time, 10 ml. of methanol was added to the 
gellike solution and the solution was kept in vacuum at 50°C. to evaporate 
solvent and unreacted monomers until the weight of the residues reached a 
constant value. The-rate of copolymerization is very high, the reaction 
going to completion within 30 min., as shown in Table IV. 


TABLE IV 
Rate of Copolymerization of Formaldehyde and Acetaldehyde in Toluene in the 
Presence of Al(i-Bu); at —78°C. at a Formaldehyde/Acetaldehyde ratio of 20/80 


Monomer conen., mole/I. Time, hr. Polymer yield, % 


8.0 0 17 


20. 
0.! 


1 
1 
2. 
4. 
5 
) 
1 
1 


3. 
5. 


20. 


The thermal stability of the polymers was measured by heating in a 
nitrogen atmosphere as shown in Table V. The thermal stability of the 
copolymers is better than that of polyacetaldehyde and it reaches a mini- 
mum in the composition range of 40/60 to 60/40 of formaldehyde and 
acetaldehyde. 
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TABLE V 


Thermal Stability of the Copolymer of Formaldehyde and Acetaldehyde 





Composition of polymer 


Polymer remaining, % 
Formal- Acetal- : ity 


Temp., dehyde dehyde, 5 30 60 90 120 150 
°C. mole-% mole-% min. min. min. min. in. min. 


135 0 100 34 5 4 6 
25 75 71 70 69 68 

65 42 35 29 20 

50 40 2 23 

45 aa Be 10 

—— 74 ) 52 


| 


33 


71 


o> 
oo 


28 


— 


> 
> DODO or | 
_ 
bo bo 


on 


60 


6 
64 
18 15 
31 7 
47 
35 
100 47 


2. Terpolymer of Formaldehyde, Acetaldehyde, and Acrolein 


Copolymerization of formaldehyde, acetaldehyde, and acrolein was 
carried out in the presence of triisobutylaluminum. Highly crosslinked 
copolymer which did not dissolve in any organic solvents and did not melt 
at above 300°C. as obtained, as shown in Table VI. The apparent 
elasticity of the terpolymer is inferior to that of the copolymer of formal- 
dehyde and acetaldehyde. 


TABLE VI 
Terpolymer of Formaldehyde, Acetaldehyde, and Acrolein Obtained in the Presence of 
Al( Et); (0.01 Mole/Mole Monomers) 


Formal- Acetal- Monomer Polymer 
dehyde, dehyde, Acrolein, conen., yield, Polymer 
mole-% mole-% mole-% mole/I. % m.p., °C. 


70 10 10 30 >300 
60 20 10 25 >300 
50 30 10 22 >300 
40 40 10 36 >300 
30 50 10 13 >300 
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3. Copolymerization of Acetaldehyde and Propionaldehyde 


Copolymerization of acetaldehyde and propionaldehyde was carried out 
at —78°C. for 3 days in toluene at a total monomer concentration of 10 
mole/I. in the presence of triisobutylaluminum (0.01 mole/mole monomers). 
Results are shown in Table VII. 


TABLE VII 
Copolymerization of Acetaldehyde and Propionaldehyde in the Presence of Al(i-Bu)s; 
(0.01 Mole/Mole Monomers) at —78°C. for 3 Days 


Acetal- Propion- 
dehyde, aldehyde, Polymer yield, Polymer m.p., [n] In 
mole-% mole-% % °C. p-chloropheno] 


0 100 100 ~160 0.3 
20 80 22 > 250 2 
40 60 20 >300 2 
60 40 20 >300 2 
80 20 20 >300 3 

100 0 23 ™180 3 





The apparent elasticity of this copolymer is inferior to that of the co- 
polymer of formaldehyde and acetaldehyde; the product does not melt at 
300°C. and does not dissolve in p-chlorophenol at room temperature. The 
distillates which were collected in traps cooled with a Dry Ice—acetone bath 
when the polymers were placed in tubes in vacuum after the copolymeri- 
zation, were analyzed by gas chromatography. No peaks corresponding 
to acetaldehyde and propionaldehyde were found, but of the several peaks 
observed one corresponded to that of paraldehyde. Therefore, it is very 
difficult to estimate the monomer reactivity ratios for the copolymerization. 


DISCUSSION 


Formaldehyde and acetaldehyde copolymerize at low temperature. The 
high melting point and the poor solubility of the copolymer shows that it 
has a crosslinked structure. The infrared spectrum of the copolymer 
indicates the existence of methyl and hydroxyl groups. Therefore, it 
is presumed that a branching reaction may occur during the copolymeri- 
zation. It is very interesting that formaldehyde and acetaldehyde poly- 
merize into almost linear polymers in the presence of organometallic 
catalysts, while the copolymerization of formaldehyde and acetaldehyde 
gives a crosslinked copolymer. The mechanism for the crosslinking co- 
polymerization may be explained by the side reaction of acetaldehyde 
with formaldehyde as follows:’ 


CH,O + CH;CHO — HOCH:.CH.CHO 


6-Hydroxypropionaldehyde may react with an organometallic com- 
pound such as triisobutylaluminum, resulting in an anion: 


3HOCH,CH;CHO + Al(i-Bu); — Al*(~OCH,CH,CHO); + 3i-BuH 
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The aldehyde group of 6-hydroxypropionaldehyde may also form an 
anion from which the polymer chain grows on both sides, resulting in a 
crosslinked structure of the copolymer. 

The thermal stability of the copolymers of formaldehyde and acetalde- 
hyde reaches a minimum in the composition range of 40/60 to 60/40. If 
it is supposed that the thermal degradation occurs at the end of the polymer 
chain, the copolymers with a composition in the range of 40/60 to 60/40 of 
formaldehyde and acetaldehyde, may undergo degradation with relative 
ease because of the large number of branches in the polymer chain. 
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Résumé 


On a essayé de copolymériser les aldéhydes en présence de catalyseurs anioniques et 
cationiques. Parmi plusieurs catalyseurs organométalliques, le tri-isobutyl-aluminium 
donne un copolymére élastique de formaldéhyde et d’acétaldéhyde qui ne fond pas au- 
dessus de 300°C, et qui n’est pas soluble dans les solvants organiques. La vitesse de 
copolymérisation 4 —78°C du formaldéhyde et de l’acétaldéhyde est trés rapide et la 
réaction est compléte endéans les 30 min. La stabilité thermique du copolymére du 
formaldéhyde et de l’acétaldéhyde est supérieure 4 celle du polyacétaldéhyde, mais elle 
est inférieure 4 celle du polyformaldéhyde; elle atteint un minimum pour une composi- 
tion de l’ordre de 40/60 et 60/40 en formaldéhyde et en acétaldéhyde. 


Zusammenfassung 


Versuche zur Copolymerisation von Aldehyden in Gegenwart anionischer oder ka- 
tionischer Katalysatoren wurden unternommen. Von den vielen organometallischen 
Katalysatoren lieferte Tri-isobutylaluminium ein elastisches Copolymeres von Formal- 
dehyd und Acetaldehyd, das oberhalb 300°C nicht schmolz und sich in organischen 
Lésungsmitteln nicht léste. Die Copolymerisationsgeschwindigkeit von Formaldehyd 
und Acetaldehyd war bei —78°C sehr gross, so dass die Reaktion innerhalb 30 min 
beendet war. Die thermische Stabilitit des Formaldehyde-Acetaldehyd-copolymeren 
war besser als die von Polyacetaldehyd, war aber der von Polyformaldehyd unterlegen 
und erreichte im Zusammensetzungsbereich 40/60 und 60/40 Formaldehyd und Acet- 
aldehyd ein Minimum. 
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Synopsis 


In continuation of earlier work, another chelating agent containing two different 
chelating systems in the same molecule (p-aitrobenzeneazotyrosine) was synthesized. 
2:1 coordination monomers of this molecule were made and characterized with divalent 
copper, lead, cobalt, nickel, uranyl, and zincions. From these compounds, two types of 
coordination polymers were synthesized and studied: those involving the ions of one 
metal bound with both chelating groups in the ligand, and those having two different 
metals bound in the same polymer chain. Thermal analysis data showed that (among 
the group under consideration) the bimetallic polymeric chelates have no exceptional 
stability. 


INTRODUCTION 


The present study is a continuation of our project! (/) to synthesize an 
organic molecule which contains two different chelating systems, separated 
and of sufficient specificity that each will chelate distinctively, (2) to pre- 
pare and characterize monomeric coordination compounds of this ligand, 
and (3) to study its coordination polymers. Two types of coordination 
polymers were synthesized: those involving the ions of one metal bound 
with both chelating groups in the ligand, and those having two different 
metals bound in the same polymer chain. The ultimate purpose is to find 
out whether or not the bimetallic chelates possess unique properties, es- 
pecially thermal stability. 

In the preceding paper, work was done with p-(1,3-butanedione)-N- 
phenylglycine (I) as the dual chelating agent. With this 


O 


{ t I| 
cH.—C-cH,-C—{_\—Nnx—cH,~C-on 


(1) 


molecule it was difficult to form simple monomeric 2:1 coordination com- 
pounds apart from polymers. Therefore a new dual chelating agent, p- 
nitrobenzeneazotyrosine (II), was synthesized 
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for the present study. This molecule was predicted to be superior to I 
because (/) the tyrosine nitrogen is more basic than the N-phenylglycine 
nitrogen, and will form stronger coordinate bonds,” (2) the o-hydroxyazo 
group represents an established chelating system,** and (3) the azo coupling 
reaction offers a one-step synthesis to a molecule containing two different 
chelating systems. Finally, the group para to the azo group could be al- 
tered, offering the possibility of modifying the physical properties of the 
new molecule. 


RESULTS AND DISCUSSION 


p-Nitrobenzeneazotyrosine (IL) was prepared by coupling L(—)-tyrosine 
with p-nitrobenzenediazonium chloride in mildly alkaline solution. Addi- 
tion of acid to the reaction mixture precipitated the mixture of bis- and 
monoazo compounds which were then separated by selective precipitation 
from acetone—water solution. The literature’ gives reference to the prepara- 
tion of bis(p-nitrobenzeneazo)tyrosine, but makes no mention of the mono- 
substituted product. 

The second step of this work was the preparation and characterization of 
the monomeric coordination compounds of II. Six monomeric chelates 
were made with the following bivalent metal ions: copper, lead, cobalt, 
nickel, uranyl, and zinc. Each of these compounds was prepared by mix- 
ing and heating (65°C.) in dimethylformamide (DMF), one molar part of 
the metal acetate with two molar parts of the chelating agent. 

Analyses of these simple monomeri¢ compounds are given in Table I. 
Analytical work was done by Geller Microanalytical Laboratories. These 


TABLE I 


Composition of Monomeric Chelates 


Carbon, % Hydrogen, % Nitrogen, % Metal, % 


Chelate Caled. Found Caled. Found Caled. Found Caled. Found 


Cu(II) 49.89 49.14 3.63 3.42 15.52 15.93 8.80 
Pb(IT) 41.61 41.31 3.03 2.96 12.94 12.81 23.93 
Co(IT) 50.22 49.10 3.65 3.43 15.62 15.27 8.20 
Ni(II) 50.28 49.21 3.65 3.66 15.62 15.17 8.18 
UO.(IT) 38.80 40.55 2.82 2.98 12.07 11.34 25.63 
Zn(11) 49.77 50.11 3.62 3.60 15.48 15.48 9.03 
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TABLE II 


Decomposition of Monomeric Chelates 
Chelate 


Cu(II) 240-270 
Pb(IT) 240-265 
Co(II) 265-295 
Ni(IT) 325-355 
UO.(IT) 310-340 
Zn(II) > 225 


Decomposition range, °C. 











chelates are all hygroscopic, amorphous solids, blackish-brown in color. 
Their decomposition ranges are given in Table II. These values were ob- 
tained by dropping fresh samples into the melting point block at regular 
intervals. The lower temperature given in the table is the point at which 
the first sign of decomposition is observed; the higher temperature is the 
point at which each chelate characteristically decomposes violently. The 
zinc chelate was prepared by the stated method four different times; each 
sample had a different decomposition range of about 15°C. between 225 
and 375°C. Thermal analyses were the same for these two extremes. 

In general, these chelates are soluble in hot and cold DMF, slightly 
soluble in acetic acid, nitrobenzene, and dioxane, and very slightly soluble 
to insoluble in methanol, acetone, methyl ethyl ketone, toluene, benzene, 
ether, chloroform, and water. Thermal data, in Table III, were obtained 


TABLE III 
Thermal Stability of Monomeric Chelates 





Weight loss, % 
Chelate 1 hr. ; 4 hr. 9 hr. 20 hr. 24 hr. 


Cu(IT) 14.3 j 17.7 22.3 31. 
Pb(IT) 2. 2. 14.4 f 22.: 
Co(IT) ; 2.6 14.3 : 20. 
Ni(II) : 2.8 13.6 “4 18.6 
UOAIT) f 9. 10.9 2.¢ 14.3 
Zn(II) : 9.% 10.0 3. 15. 
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by heating samples of the chelate in small Pyrex test tubes at 200°C. in air. 
The order of stability of the 2:1 chelates can be seen from the table to be 
Zn(II), UO2(II), Ni(II), Pb(II), and Co(II), Cu(II). Average decomposi- 
tion over the 60-hr. period, including the first hour, ranges from 0.30%/hr. 
for the Zn(II) chelate, to 0.50%/hr. for Co(II), to 1.16%/hr. for Cu(II). 
Model compound studies were carried out to try to determine whether 
the 2:1 monomeric compounds were chelated through the a-amino acid 
group (III) or the o-hydroxyazo group (IV). Cu(II), Ni(II, and Zn(II) 
chelates of phenylalanine and p-nitrobenzeneazoresorcinol were made un- 
der exactly the same conditions as the 2:1 chelates of II. (These three 
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ions represent the full range of chelate yields.) Phenylalanine gave good 
yields (40-80%) with all three of these ions; p-nitrobenzeneazoresorcinol 
gave satisfactory yields (10-30%) with Cu(II) and Ni(II), and less than 
2% yield with Zn(II). 

The influence of hydrogen ion on the reaction was next investigated. 
Cu(II) and Zn(II) chelates of phenylalanine and p-nitrobenzeneazoresor- 
cinol were prepared in DMF as above, this time with the addition of one 
mole of acetic acid per mole of chelating agent. This added acid does not 
change the yield of Cu(II) or Zn(II) phenylalanine chelate, but does sig- 
nificantly reduce the yield of these two p-nitrobenzeneazoresorcinol che- 
lates. These data would seem to indicate that the monomer reaction favors 
structure ITI. 

In comparing the earlier work with I' to the present work with II, it is 
interesting to observe that definite 2:1 monomers can be made with II by 
using a 2:1 ratio of ligand to metalion. This is not the case withI. How- 
ever, with I, polymers were made directly from the ligand and metal ion, 
by using a 1:1 ratio of the starting materials. Polymers could not be ob- 
tained directly with II by changing the ligand to metal ion ratio in the 2:1 
preparation (see Experimental section). The most significant difference 
is that chelates of I were made in partially aqueous (buffered) media, and 
the chelates of II were synthesized in analytical grade DMF. Thus it 
appears that control over product composition might be realized through 
the regulation of acid in the reaction mixture. 

Attempts were made to prepare slightly different chelating agents by 
using azo coupling agents with different structural groups para to the azo 
linkage. As mentioned above, it was hoped thus to make chelates with 
modified physical properties. Diazotized anthranilic acid, sulfanilic acid, 
and p-toluidine were tried. The synthesis of the p-tolylazotyrosine (V) 
was the only one even modestly successful, and although this product was 
twice crystallized from ethanol, the analytical data were not satisfactory. 
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Anat. Caled. for CisHizN;03: C, 64.20%; H, 5.72%; N, 14.40%; O, 16.04%. 
Found: C, 68.85%; H, 6.22%; N, 11.94%; O, 13.28% 

The Cu(II) 2:1 chelate of V is similar in solubility and thermal stability 
to the Cu(II) 2:1 chelate of II. 


Anau. Caled. for Cs:Ng2NeOeCu: C, 58.21%; H, 4.89%; Cu, 9.62%. Found: C, 
61.18%; H, 4.94%; Cu, 10.00%. 


It is 65% decomposed after 60 hr. at 200°C. in air, as compared to 70% 
for the Cu(II) chelate of II. Ni(II) and Zn(II) 2:1 chelates of V were also 
prepared, and show the same order of thermal stability as the correspond- 
ing chelates of IT. 

The third major portion of this work was the study of coordination poly- 
mers of II. Polymeric 1:1 compounds with Cu(II) and UO,(II) were pre- 
pared by use of the 2:1 monomers as the starting material in the synthesis 
[see eq. (1)]. The reactions were started in 50/50 DMF/water, enough 
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sodium hydroxide for the formation of the sodium salt of the 2:1 chelate 
being used. The reactions were run at 65°C. under moderate vacuum for 
1 hr. The water was thus gradually removed during the reaction period, 
giving the polymer an opportunity to form in the DMF solution. 
Analyses of the polymers are given in Table IV. The analytical work 
was done by Schwarzkopf Microanalytical Laboratory. These 1:1 che- 
lates are hygroscopic, amorphous powders, brownish-black to black in 


TABLE IV 
Composition of Polymeric Chelates 





Carbon, % Hydrogen, % Nitrogen, % Metal, % 





Chelate Caled. Found Caled. Found Caled. Found Caled. Found 





0 14.30 12.80 16.22 16.78 


CisHi2N,OsCu 45.98 42.06 0: 3.9 
2.92 8.83 7.85 37.53 39.13 


3.0) 
CisHi2NsO;U02: 2H20 28.40 28.74 2.54 
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color (porous plate). Thier decomposition ranges, taken by dropping 
fresh samples into the melting point block at regular intervals, are, Cu- 
(II) /Cu(II), 290-300°C.; UO.(IT)/UO.(I1), 360-370°C. 

These chelate polymers are insoluble to slightly soluble in DMF and hot 
glacial acetic acid and insoluble in nitrobenzene, ethanol, acetone, and 
dioxane. Thus it was impossible to determine their molecular weight 
ranges. Thermal stability data, obtained as before at 200°C., are given in 
Table V. 

TABLE V 
Thermal Stability of Polymeric Chelates 


Weight loss, % 
Chelate lhr. 2hr. 4hr. Qhr. 2hr. 24hr. 48hr. 60 hr. 


Cu(IT)/Cu(IT) 13.0 14.2 16.7 20.6 27.6 29.5 39.6 43.3 
U0(IT)/U0,(IT) 13.3 14.2 14.2 17.5 20.0 20.0 21.7 24.2 





Average decomposition over the 60-hr. period, including the first hour 
(which corresponds in part to dehydration for the UO,(II)/UO,(II) com- 
pound) is 0.40%/hr. for the UO.(II)/UO.(I]), and 0.76%/hr. for Cu(II/ 
Cu(II). The uranyl polymer is less stable than the uranyl monomer; 
the copper polymer is more stable than the copper monomer. 

Pb(II), Co(II), Ni(II), and Zn(II) polymers were also synthesized by 
the method described above. In general, their physical properties are 
similar to those of the Cu(II) and UO,(II) polymers, except that all de- 
composition ranges were above 300°C. Analytical data, however, were 
poor for these four. 

Finally, bimetallic polymeric chelates were prepared, in order to find 
out whether the introduction of a different metal ion into the polymer 
would give it unique properties. The same type reaction and conditions 
as in the syntheses of the Cu(II) and UO.(II) polymers above were used 
[see eq. (2)]. The following bimetallic chelate polymers were synthesized : 
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Cu(II)/Ni(II), Ni(II)/Cu(iD, Zn(II)/Ni(1I), Zn(II)/Cu(II), Co(II)/ 
Ni(II), and Cu(II)/UO,(II). The ion written first in each case represents 
the one whose monomer was used. 

These compounds have the same physical state, color, and solubility 
characteristics as the polymers containing only one metal. Their de- 
composition ranges are between 290 and 340°C. The compound from this 
group which gave the best analysis is the Zn(II)/Cu(II) (see Table VI). 


TABLE VI 
Composition of Bimetallic Polymeric Chelates 


Carbon, % Hydrogen, % Nitrogen, % Metals, % 
Chelate Caled. Found Caled. Found Caled. Found Caled. Found 
CxoHaNsOiZnCu 45.87 42.68 3.08 3.84 a od 8.32" 8.32 
8.09 98.21 


CyHaNsOwCuNi:-2H,0 44.22 38.77 3.45 3.72 13.75 11.57 15.00° 15.97 
CyoHaNsOwNiCu-2H,0 44.22 42.85 3.45 3.47 13.75 11.71 15.00° 14.59 


® Zn only. 
» Cu only. 
© Combined Cu + Ni. 


The bimetallic polymers not listed in Table VI gave unsatisfactory analyses. 
The decomposition range of the Zn(II)/Cu(II) is 315-325°C. Thermal 
stability data are given in Table VII. It can be seen that these particular 


TABLE VII 
Thermal Stability of Bimetallic Polymeric Chelates 
Weight loss, % 
Chelate 1 hr. 2 hr. 4 hr. 9 hr. 20hr. 24hr. 48hr. 60 hr. 





Zn(II)/Cu(II) 19.0 19.0 21.8 28.1 38.5 40.8 50.5 52.8 
Cu(II)/Ni(II) 14.4 17.3 20.2 30.8 42.3 45.2 52.5 56.3 
Ni(II)/Cu(II) 14.2 16.9 21.7 31.8 46.0 49.0 56.3 57.8 


bimetallic chelates show no exceptional thermal stability. It is recognized 
that these three chelates are not representative; the presence of Cu(II) in 
each may be responsible for the high rates of decomposition. 


EXPERIMENTAL 


p-Nitrobenzeneazotyrosine 


p-Nitroaniline (13.8 g., 0.1 mole) was dissolved with heating in concen- 
trated hydrochloric acid (26 ml.) and water (100 ml.) and the clear solution 
cooled with stirring to 0-5°C. To this suspension of crystalline hydrochlo- 
ride was added with stirring a solution of sodium nitrite (6.9 g., 0.1 mole) 
in water (15 ml.). The addition was made below the surface of the solu- 
tion. This solution was allowed to stand in the refrigerator for 20 min. 
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A second solution was prepared by dissolving L(—)-tyrosine (18.1 g., 0.1 
mole) with 10% sodium hydroxide solution (95 ml.) in water (500 ml.) and 
cooled to 5°C. The cold p-nitrobenzenediazonium chloride solution was 
added quickly with stirring to the cold tyrosine solution. The pH of the 
solution was adjusted rapidly to 7.8 by the addition of 10% hydrochloric 
acid, the temperature being kept below 5°C. by the addition of crushed ice. 
This reddish-brown mixture was stirred for 1 hr., cooled to a temperature 
of 2.5°C., and placed in the refrigerator for 24 hr. The mixture was then 
acidified with 10% hydrochloric acid to a final pH of 1.5, stirred an addi- 
tional 30 min., and allowed to stand for 2 hr. at room temperature prior to 
filtration. The precipitated product was filtered by suction through 
coarse filter paper, washed with warm water (400 ml.), and the wet, crude 
product spread out on a porous plate to air-dry for about 40 min. This 
solid was placed in a flask and treated with acetone (150 ml.) and water, if 
necessary, to bring the total volume of solution to 250 ml. After a few 
minutes of stirring, this mixture was filtered to remove precipitated tarry 
solids, bis(p-nitrobenzeneazo)tyrosine and unreacted tyrosine. The first 
filtration was through coarse paper, the second through fine porosity paper. 
This filtrate was then poured into water (400 ml.) containing saturated 
sodium chloride solution (25 ml.). The mixture was stored in the refrigera- 
tor 16-24hr. The solid which deposited from solution was filtered, washed 
several times with water and dried. The product is a reddish-brown, hy- 
groscopic powder melting with decomposition in the range 131-139°C. 
Yields averaged 1.5-2.5 g. The product is readily soluble in DMF, acetic 
acid, acetone, and nitrobenzene; it is insoluble in chloroform, benzene, and 
ether. Attempts to purify the product by recrystallization were unsuccess- 
ful. Titanous chloride titration® of the product gave an equivalent weight 
of 33.14; the calculated value is 33.03. 


Anau. Caled. for CisHuNsOs: C, 54.54%; H, 4.27%; N, 16.96%; O, 24.22%. 
Found: C, 53.31%; H, 4.10%; N, 17.36%; O, 24.30%. 


The bis(p-nitrobenzeneazo)tyrosine is reported to melt at 175°C.; this 
value was checked in runs with 2 moles of p-nitrobenzenediazonium chloride 
to 1 mole of tyrosine. Both the mono- and bis-compounds have strong ab- 
sorption peaks (in 0.2517 sodium hydroxide solution) at 525 my, but the two 
curves are not identical. 


Chelate 2:1 Monomers of Cu(II), Ni(ID), Pb(ID), Zn(II), Co(II), and UO,(I1) 
with II 


To 1.32 g. (0.004 mole) of the azo dye (II) was added with stirring hot 
DMF (50 ml.). This solution was filtered into a flask (125 ml.) immersed 
in an oil bath at 65°C. To this stirred solution was added the metal ace- 
tate (0.002 mole) dissolved in DMF (10 ml.). The stirred reaction mixture 
was held in the temperature range 65-70°C. for 30 min., then filtered hot 
through a medium porosity glass filter. The filtrate was diluted with an 
equal volume of water and the product allowed to stand in the refrigerator 
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overnight prior to filtration and washing. The collected crude precipitate 
was washed with acetone until the filtrate gave only a very faint color with 
aqueous alkali, then with hot water to a negative cation test, again with 
acetone, and finally with ether. Attempts at crystallization were unsuc- 
cessful. The product was dried several minutes under an infrared lamp, 
then overnight over phosphorus pentoxide. Yields ranged from 50% for 
Cu(II) to 25% for Zn(II). The chemical analyses on this group of com- 
pounds were done after drying all samples to constant weight in vacuo at 
60°C. 
Polymeric 1: 1 Chelates of II 


The 2:1 monomeric chelate (0.000554 mole) was suspended with stirring 
in DMF/water (40 ml.) and the pH recorded (7.5). To this mixture was 
added sodium hydroxide solution (2-3 ml. of solution containing 0.02216 
g./ml.) and the stirring continued for another 40 min. The pH measured 
10.5-11.5. This solution was filtered by suction through a medium 
porosity glass filter. It was then placed in a reaction flask immersed in an 
oil bath at 65°C. and connected to a water aspirator. To this solution was 
added the metal acetate solution (0.000554 mole/2 ml. water). The 
reaction mixture was held at 65°C. for 1 hr. under moderate vacuum (ap- 
proximately 25 mm.). It required about '/2 hr. to remove the water; the 
remainder of the reaction period was allowed for the growth of the polymer 
inthe DMF. At the conclusion of the reaction period the temperature in- 
side the reaction flask was about 50°C. The reaction mixture was im- 
mediately filtered by suction through a medium porosity glass filter. The 
product was isolated by dilution of the DMF filtrate with an equal volume 
of water, or in a few cases, collected as precipitate during filtration im- 
mediately following the reaction. There is no apparent difference between 
products obtained in these two ways. The mixture, after standing over- 
night in the refrigerator, was filtered, washed with acetone, hot water, ace- 
tone and ether, then dried briefly under an infrared lamp and finally over- 
night over phosphorus pentoxide. The chemical analyses on this group of 
compounds were done after drying all samples to constant weight in vacuo 


at 60°C. 
Attempted Preparation of 1: 1 Polymeric Compounds of II Directly in DMF 


Attempts were made to prepare 1:1 polymeric compounds directly, ac- 
cording to the procedure for preparing the 2:1 monomeric compounds, 
changing only the metal ion to ligand ratio. In no case was a satisfactory 
product obtained. Analysis of the nickel compound from a 1:1 ratio of 
azo dye to Ni(II) in DMF is as follows: 

Anau. Calcd. for CisHiz2N,OsNi: C, 46.7%; H,3.1%; N,14.5%; Ni, 15.2%. Cale. 
for CsoHogNsOwNi: C, 50.2%; H, 3.7%; N, 15.6%; Ni, 8.25%. Found: C, 48.5%; 
H, 2.8%; N, 14.6%; Ni, 9.2%. 

The authors gratefully acknowledge their indebtedness to the National Science 
Foundation for its generous support of this work. 
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Résumé 


Pour suivant les travaux précédents, on a synthésisé un autre agent de chélation, qui 
contient deux groupes coordonnés différents dans la méme molécule: la p-nitrobenzéne- 
azotyrosine. A partir de cette molécule on a synthétisé et caractérisé des monoméres de 
coordination 2:1 avec les ions bivalents du cuivre, du plomb, du cobalt, du nickel, 
d’uranyle et du zinc. Aux dépens de ces composés on a synthétisé et étudié deux types 
de polyméres de coordination: ceux qui contiennent les ions d’un seul métal, liés aux 
deux groupes chélatant dans le ligand, et ceux qui contiennent deux métaux différents, 
incorporés dans la méme chaine polymérique. L’analyse thermique a démontré que 
(dans le groupe de polyméres considéré ici) les polyméres chélates, contenants deux dif- 
férents métaux, n’ont pas de stabilité exceptionnelle. 


Zusammenfassung 


In Fortsetzung friiherer Arbeiten wurde ein weiterer Chelatbildner mit zwei ver- 
schiedenen chelatbildenden Systemen an derselben Molekel synthetisiert: p-Nitro- 
benzolazotyrosin. 2:1-Koordinationsmonomere dieser Molekel mit zweiwertigen Kup- 
fer-. Blei-, Kobalt-, Nickel-, Uranyl- und Zinkionen wurden hergestellt und charak- 
terisiert. Aus diesen Verbindungen wurden zwei Typen von Koordinationspolymeren 
synthetisiert und untersucht: solche mit den Ionen eines Metalls an beide chelatbilden- 
den Gruppen im Liganden gebunden und solche mit zwei verschiedenen Metallen an die 
gleiche Polymerkette gebunden. Die Ergebnisse der thermischen Analyse zeigten, dass 
(unter den betrachteten Gruppen) die bimetallischen, polymeren Chelate keine ausser- 
gewohliche Stabilitat besitzen. 
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Molecular Properties of Amorphous High Polymers. 
I. A Cell Theory for Amorphous High Polymers 


A. T. DIBENEDETTO, Department of Chemical Engineering, University 
of Wisconsin, Madison, Wisconsin 


Synopsis 


A cell model is used to describe the structure-insensitive properties of amorphous 
high polymers. An amorphous polymer is characterized as a homogeneous, one-com- 
ponent phase containing N identical n-center polymer segments. Each center is acted 
on by a cylindrically symmetric square well potential which is developed by assuming a 
6-12 type interaction between point centers along the axis of the polymer chain. Molec- 
ular constants, p-V—7' behavior, glass-transition temperatures, and cohesion energy 
densities are predicted from a minimum of experimental data. A good agreement be- 
tween theory and experimental data from various literature sources is shown for eight 
amorphous polymers. 


Introduction 


Cell models have been used to interpret the thermodynamic properties of 
simple liquids in terms of intermolecular forces.'!:? The assumptions 
applied to such models are usually the following. 

(a) Each molecule in the liquid is confined to a “cell’’ by its nearest 
neighbors. The molecular motion is thus restricted to the small free 
volume of the cell. This is generally thought to be a reasonable assump- 
tion for liquids far removed from their critical point where the free volume 
per particle is relatively small. There are ample x-ray diffraction data 
to imply that there exists a local, short-range order in liquids very similar 
to the long-range order of solids. 

(b) There is no communal entropy contribution because of molecular 
exchange between adjacent cells. This is probably all right for evaluating 
thermodynamic properties if the life of a cell is relatively long. This con- 
dition is met by dense liquids well below their critical point. 

(c) One can define a unique set of molecular constants which corresponds 
to properties that depend only on the intermolecular interactions, or in 
other words, one can separate the degrees of freedom of a molecule into 
internal degrees which depend only on valency forces and external degrees 
which depend on intermolecular forces. 

(d) One can factor the total partition function Z for a system into a vol- 
ume-independent internal partition function Zint and a configurational 

3459 
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partition function Q which depends upon the relative positions of the 
molecules in the “liquid lattice”’ 


Z = (Zint(T)) Qext(T,V) 


where 7' is absolute temperature and V is the volume per mole of n-center 
segments. Since Zint(7') is independent of molar volume, the equation of 
state reduces to: 


p(V,T) = (OlnQ/oV)r 


where p is isotropic pressure. This is a good approximation for nonpolar, 
spherical molecules where one does not have any angular dependence of 
dipole forces. 

(e) The rapidly fluctuating intermolecular force field can be replaced by 
a spherically symmetric force field with its center at the center of the cell. 

Prigogine? has extended the cell concepts of simple liquids in order to 
interpret the thermodynamic properties of chain molecules. The general 
assumptions are as follows. 

(a) Any given r-mer can be treated as a set of r point centers, each of 
which moves in a spherically symmetric force field. 

(b) In order to preserve a lattice of point centers in a spherically sym- 
metric force field, one must assume a & d, where a is the mean distance 
between two neighboring elements belonging to different r-mers and d is 
the mean distance between two successive elements of the same r-mer. 
This leads to the idealization of considering a saturated hydrocarbon, 
C,,Hon+2, as a set of 1/2(n — 1) CHe—CH, point centers and one CH, point 
center. 

(c) The theorem of corresponding state may be applied to the cell model 
in order to reduce the thermodynamic properties as a function of five 
molecular constants: (/) the strength of the interaction potential; (2) the 
range of the interaction potential; (3) the number of point centers per 
molecule; (4) the number of intermolecular “‘contacts,”’ (6) the number of 
external degrees of freedom per molecule. 

In spite of the unrealistic assumptions required, the quantitative be- 
havior of the normal saturated hydrocarbons conformed to the principle of 
corresponding states as predicted from this model. 

More recently Hijmans* has developed a similar principle of correspond- 
ing states for liquids consisting of chain molecules without any reference to 
a cell model. The basic assumptions that he made are as follows. (a) The 
chain molecules consist of segments that can move and interact with their 
surroundings independently. (b) The partition function for a molecule 
can be separated into an external and internal part and, furthermore, that 
the configurational partition function can be written as the product of 
contributions from each segment of the molecule. (c) The theorem of cor- 
responding states can be applied to reduce the thermodynamic properties 
as a function of five molecular constants: (/) the strength of the inter- 
action between segments 7 and 7, (2) the range of the interaction between 
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segments 7 and 7, (3) the fraction of the surface around an 7 segment that 
is effective in the intermolecular interaction, (4) the fraction of the sphere 
of action of an 7 segment which is accessible to segments from neighboring 
molecules, and (5) the number of external degrees of freedom which an 7 seg- 
ment contributes. 

This present work extends the concept of ‘‘cell models’ to describe the 
structure-insensitive properties of amorphous polymers. The p-V-—T' be- 
havior and apparent glass transition temperatures will be discussed in 
terms of the model and the molecular constants will be tentatively evaluated 
using the small amount of data available in the literature. 


The Development of a Model 


Simple cell theories can only be applied to substances that are completely 
homogeneous on a submicroscopic scale. This limits the development to 
amorphous polymers such as vulcanized elastomers, molten polymers and 
certain solid plastics, such as polystyrene, the methacrylates etc., which 
are above their crystallization temperatures or cannot be crystallized. 
There is very little information available concerning the molecular order in 
amorphous polymers. There are some x-ray diffraction data, but they are 
scarce and impossible to interpret with complete certainty. However, 
there does appear to be some uniformity in different amorphous x-ray 
patterns which permits a logical inference concerning the structural ar- 
rangement of the molecules. Very often, one or more halos appear in 
a background of uniform “fuzziness.” For example, the three polymers 
listed in Table I show a main halo and a less intense inner halo.‘ 


TABLE I 
Main halo diameter, Inner halo diameter, 
Polymer A. A. 
Polystyrene 4.85 10.0 
Polyvinyl acetate 3.95 6.74 
Polyethyl methacrylate 4.60 7.50 


In each case, the main halo has the same diameter as the halo in the 
x-ray diffraction photograph of the corresponding liquid monomer, and 
the inner halo has a radius which is equivalent to the length of the side 
chains on the polymer. The implications of these data are that portions 
of the polymer chains line up parallel to one another giving a short range 
order similar to the liquid state of the monomer. The main halo corre- 
sponds to a parallel alignment of side chains (usually the predominant 
arrangement) while the fainter inner halo indicates a lateral separation of 
side chains. 

The short-range order of the amorphous state will be characterized by 
small parallel bundles of polymer segments. It is assumed that each 
polymer molecule is surrounded by four nearest neighbors, and the average 
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intermolecular distance can be determined from a density measurement. 
With simple liquids, the unit cell consists of a central molecule inside a 
cage of nearest neighbors that form, approximately, a spherically symmetric 
potential field. A high polymer molecule, however, consists of a skeleton 
of carbon atoms joined axially by high energy valence bonds. It is there- 
fore unrealistic to consider a segment of that chain (e.g., a —CH»— unit 
on a saturated hydrocarbon chain) as being in.a spherically symmetric 
field. In order to visualize what is meant by a unit cell in a polymeric 
mass, consider a single high polymer molecule as it is placed randomly into 
a polymeric mass. Consider the molecule to be made up of x centers; 
a center represents a simple unit along the chain (such as —CH:z— units 
of a saturated hydrocarbon). The first center on the chain may be placed 
anywhere in the mass and therefore has three external degrees of freedom. 
Once the position of the first is fixed, the second center with two degrees 
of freedom is limited to the surface of a sphere whose radius is equal to 
the bond length between centers. The third center is then limited to one 
degree of freedom on the circumference of a circle by the fixed bond angle. 
The positioning of all subsequent centers is further hindered as a result of 
preference for specific isomeric conformations and by chain entanglement. 
If one assumes that an average number of degrees of freedom, 3C,,, can be 
assigned to each center, the total number of external degrees of freedom 
per chain, 3C, is equal to: 


3C = 6 + (x — 3)(3Cm) (1) 
For a high polymer, z is very large and therefore 
3C ~~ 3Cnx (2) 


It is therefore assumed that a molecule of a polymeric mass consists of x 
centers with 3C,, degrees of freedom per center. A specific center on a 
chain will be surrounded by four parallel, polymer segments. Because of 
the very definite short range order, one can consider a unit cell within the 
amorphous polymer to consist of a line of n centers surrounded by a bundle 
of four parallel chains. The whole structure then consists of a random 
distribution of identical n-center segments in cylindrical cells. (The 
length of this unit eell might be equivalent to the length of a polymer 
segment in Kuhn’s treatment of polymer configuration’ or to the length 
of a flow unit in self diffusion and viscous flow.*) It is further assumed that 
each of the n centers of the central chain within the unit cell is constrained 
to move in a plane because of the high energy bonding between centers on 
the same chain and that each is influenced by a cylindrically symmetric 
force field created by the surrounding bundle of four parallel chains. 

The most logical unit to choose as a “center” is the simplest group of 
atoms along the main carbon chain (e.g., the —CH»— unit in a hydro- 
carbon). The tetrahedral carbon atom with its surrounding atoms can be 
represented by a simple, centrally symmetric potential energy function, 
such as a Lennard-Jones (6—12) potential, since the extension of the atomic 
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Fig. 1. Model for chain interaction. 


dipoles relative to interchain distance is small, and the induced dipole 
moments of the chain groups are usually negligible.’ 

The average interaction potential, ¢o, between two centers on neigh- 
boring chains is given by eq. (3). 

go = €*[(p*/p)!® — 2(p*/p)*] (3) 

where e* is the energy parameter for the 6—12 potential, p is the distance 
between centers, and p* is the distance parameter for the 6—12 potential 
energy function. 

The total interaction energy between a single center and a neighboring 
chain consisting of 27 + 1 centers, ¢c, is then: 


i=j 


ge = «* DY) [(p*/p,)!® — 2(p*/p,)°] (4) 
i=—j 

An approximate potential energy function will be evaluated in the 
following way. The series is arbitrarily limited to 21 terms (ten centers on 
either side of the center in question). Parallel alignment of the chains 
surrounding the center is assumed. This means that the polymer consists 
of small parallel bundles of chains on the order of 26 A. long. This is not 
unreasonable, since there is some evidence that the flow unit for the viscous 
flow of polymers is on the order of a 20-25 carbon atom polymer segment.® 
Irregularity in the alignment will be relatively unimportant beyond about 
5-10 A. from the center in question because of the convergence of the 
series. Under these conditions, eq. (5) gives the relationship between 

(p;) and the nearest neighbor distance (p)) (Fig. 1). 


p22 = po? + 72(2d)? (5) 


where 2) is the chain length per center. Substituting eq. (5) into eq. (4), 
one obtains: 


ge = €*(C(p*/po)'? — 2D(p*/ po)®| (6) 
The coefficients C and D are given by eq. (7) and (8): 
i=10 
C=14+2 Q [1 + 2(2d/m)?]-* (7) 
i=1 
*=10 
D=1+2 D [1 + 2(2d/p)?]-? (8) 


i=1 
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Fig. 2. The coefficients C and D are linear functions of po/2A. D = 1.16(p)/2d); C = 
0.77(p0/2d); (po/2A) > 2. 


Fig. 3. Lattice model for an amorphous polymer. 


If each center is constrained to move in a plane normal to the axis of the 
main chain, the effective volume per center v (in cubic Angstroms) is 
given by eq. (9): 


v = (2d) po? (9) 


Figure 2 shows that the coefficients C and D are linear functions of 
(po/2d), so that the total interaction energy between a single center and a 
neighboring chain is given by eq. (10). 


ve = (e*p*/2d) [0.77(v*/v)"”* — 2.32 (v*/v)"”] (10) 
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Fig. 4. Polymer segment with its center moving on a cylinder of radius r. 


where the volume parameter for the 6-12 potential is v* = 2\p**. Figure 3 
shows the assumed cell lattice arrangement. Each center is free to move 
in a plane within the confines of its cell. The true, angle-dependent 
function representing the potential energy of a center at any position 
within the cell may be approximated by a mean, cylindrically symmetric 
potential defined in the following way. 

Consider the chain to be fixed while the center of a segment moves on 
the surface of a cylinder of radius r whose center is at a distance py from the 
fixed chain (see Fig. 4). The average interaction potential is then: 


or) = Sv" e(d)do/ f° do (11) 
where 
d? = r? + po? — 2por cos 0 (12) 
Substituting eqs. (10) and (12) into eq. (11), one obtains: 
ho(r)/e*p* = 0.385p*"/ar So" d8/[r? + po? — 2por cos 6)” — 
1.16p*°/a Jo" d0/[r? + po? — 2por cos 6] (13) 


Figure 5 shows the numerical solution of eq. 13 by plotting the reduced 
potential energy, \¢(r)/p*e*, as a function of (r/o) for specific values of 
(v*/v). The dotted lines show simple square well approximations to the re- 
duced potentials and are defined in the following manner: 


¢gsw = ¢(0) r/po < 1 — (e/po) (14) 
¢gsw = © r/ po 21- (a/ po) (15) 


The limit, o for the square well potential model is arbitrarily chosen.at the 
point where ¢, [eq. (10) ] becomes zero. 


ge(o) = 0 = [0.77(p*/o)" — 2.32(p*/a)?] (16) 

¢ = 0.83p* (17) 

The square well approximation will be used to evaluate an equation of 
state because of its simplicity. Over the range of (v*/v) that will be used, 


this equation of state is not significantly different than the one obtained 
from a more complicated harmonic potential. 
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Fig. 5. Reduced cell potentials. 


Equation of State 


An amorphous polymer will be characterized as a homogeneous, one- 
component phase containing N identical n-center segments (nN units), 
where N is Avogadro’s number. Each center is acted on by a cylindrically 
symmetric square well potential, (0), as defined by eqs. (14, and (15), and is 
unable to move independently along the axis of the chain molecule. The 
configurational partition function Q for the system is assumed to be of 
the form: 


Q = K[W(T,V))" exp | —E,/kT} (18) 


where VW is the cell partition function per n-center segment, K is a factor 
which is independent of volume, Ep is the lattice energy corresponding to all 
mN centers at their equilibrium positions, and k is the Boltzmann constant. 
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The cell partition function can be written as the product of the partition 
functions for the individual elements in the segment. For n centers in a 
line with 3C,, degrees of freedom per center and a square well potential: 


Vv = P(m — or (19) 


where P is a geometric constant. The total lattice energy for nN centers 
with a coordination of four nearest neighbors is: 


My = 1/oNn-(4e*p*/2A) [0.77 (v*/v)"”* — 2.32 (v*/v)”] (20) 
The equation of state may be written as: 

p = kT (Oln Q/0V)r = (kT /nN) (Oln Q/dv)7 (21) 
where v is the volume per center. Combining eqs. (18) to (21), one may ob- 
tain the equation of state, equation (22): 
po/kT = 3Cn/2[1 — 0.83 (v*/v)'*]—" — e*p*/ kT 

X [5.81 (v*/v)’* — 4.26 (v*/v)"/*] (22) 
At vanishingly small pressure (1 atm. is usually small enough) 
po/kT ~ 0 (23) 
(3Cm)kTA/2 €*p* = [5.81 (v*/v)’* — 4.26 (v*/v)"*] 
X [1 — 0.83 (v*/v)'*] (24) 
The volumetric coefficient of thermal expansion 8 may be obtained by 
differentiating both sides of eq. (24) with respect to volume: 
8 = (1/v)(dv/dT) (25) 
3C mkd/2e* p*B = [23.40 (v*/v)"/”* — 14.55 (v*/v)] 
— [21.27 (v*/v)® — 14.48(v*/v)*] (26) 
or by combining eqs. (26) and (24) 
eT = (5.81 (v*/v)"? — 4.26 (v*/v)"”*] [1 — 0.83 (v*/v)'”] 
[23.4 (v*/v)"/* — 14.55 (v*/v)"*] — [21.27 (v*/v)® — 14.48 (v*/v)9] 
(27) 
The isothermal compressibility « is: 
xk = —(1/v)(dv/dp) (28) 
or, from eqs. (22) and (24): 
dv/e*p*x = { [1 — 0.415 (v*/v)'?/1 — 0.830 (v*/v)'"] [5.81 (v*/v)'” 
— 4.26 (v*/v)'"/*] — [20.35 (v*/v)"? —27.75 (v*/v)"”]} (29) 
Equations (22)-(29) describe the thermodynamic behavior of an amor- 
phous polymer over the range of temperature and pressure that the square 


well potential cell model is valid. Figures 6 and 7 are plots of equations 
(24). (27), and (29). Figure 7 clearly shows that a phase change is predicted 
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Fig. 6. Reduced thermal expansion of amorphous polymers. 


at about (v*/v) = 0.75. In the development of the model, however, it was 
assumed that there was no coupling between internal and external degrees 
of freedom and, furthermore, that the polymer consisted of N independent 
n-center segments. First-order transitions (or phase changes) in polymers 
depend explicitly on the mutual orientation of the chains and, therefore, 
the nature of the coupling between segments. In contrast to the case of 
simple liquids, cell models cannot interpret structure sensitive transitions. 
The validity of the cell model is thus limited to values of (v*/v) well above 
0.8. Experimentally, it has almost always been found that the volume 
changes for polymers are nearly linear over reasonable temperature ranges. 
From Figures 6 and 7, this makes it appear that the model is not applicable 
below about v*/v = 0.9 (or above v/v* = 1.1). 

The correctness of eqs. (22)—(29) should be determined by using a wide 
range of equilibrium p-V-T7 data for a number of amorphous solids. 
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Fig. 7. Reduced thermal expansion coefficients and isothermal compressibilities of amor- 
phous polymers. 


Data of this type are very scarce except for thermal expansion data that 
have been obtained in connection with determining glass-transition tem- 
peratures. These are often “equilibrium” data, for all practical purposes, 
at least above the glass transition. Hardly any accurate compressibility 
data are available so that isothermal compressibility « is often approximated 
from the cohesion energy density (CED) of the solid at ordinary tempera- 
ture and pressure [eq. (30) ]: 


CED ~ pT '/« (30) 


Pertinent data for several polymers are listed in ‘lable LI. 
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TABLE II 
Thermodynamic and Molecular Data For Some Linear Polymers 


6B X 10* 
K-} v At 25°C., « X 10%, 
Polymer at 25°C." ec./g. em.?/dyne> 2), A.° 


.25 1.25 
‘ 1.18 
: 1.20 
1.16 
1.25 
1 
1 
1 


1.12 7 
1.07 6 
0.81 5 
1.09 . 
0.7 
0.9 


Polybutadiene 
Natural rubber 
Neoprene 
Polyisobutene 
Polyvinyl] chloride 
Polystyrene 
Polyvinyl] acetate 
VYHH copolymer 
(0.87 PVC/0.13 PVA)! 


: ( 
.25 
0. 85° 25 


0. 736° 25 
0.7518 ‘ — 


WON WW AAAS 
—_— eo 


® From various sources (mainly Wood!"). 

b Estimated from cohesion energy density, eq. (30). 

© Estimated from either fiber periods or Courtauld molecular models. 
4 From measurements below the glass transition. 

© At 0°C. 

f Data of Kumins and Roteman.™” 

# At 50°C. 


This development does not consider the possibility of volume changes due 
to crystallization. For polymers in which crystallization does occur on 
cooling (e.g., polybutadiene), the total volume change would be the sum of 
the normal contraction plus the crystallization effect. Equations (22)- 
(29) therefore describe the behavior of noncrystallizable polymers or elasto- 
mers that have been prepared under such conditions that crystallization is 
inhibited. 


An Illustration of the Technique: Thermodynamic Properties of 
Polybutadiene 


Polybutadiene shows a fiber pattern in the crystalline state of 5 A. of 
chain length per mer. This is equivalent to four centers (two —CH,— and 
two —CH=) per 5 A. If the four centers are identical, 2A = 1.25 A. 
Using the expansion coefficient from Table II along with Figure 7, one ob- 
tains: 


v*/v = 0.96 at 298°K. 
v*/y = 1.1 at O°K. 
2) po” 
(1/0.89 ce./g.) (54 g./mole mer) (10%4/6.02 X 1024) (1.25/5) 
25.35 A./center 


24.3 A*/center 
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The total lattice energy at 0°K. can be calculated from eq. (20) to give 
0.86 kceal./mole-center or 3.4 keal./mole-5 A. of chain. The force constants 
for the 6-12 potential are then: 


e*/k = 37.8°K. 
and 


pt = 444. 


These are almost identical to the force constants calculated by Brandt for a 
perfect crystal of —CH,— units.’ 

Ubbelohde’ has determined the sublimation energy of crystalline paraffins 
to be about 5.8 kcal./mole of (—CH:—),. Since the sublimation energy of 
(—CH=) units should be approximately the same as that of (—CH.—) 
units, 5.80-3.4 = 2.4 keal./mole-5 A. of chain, should be approximately 
equal to the heat of crystallization in going from the amorphous state to the 
crystalline state at 0°K. This compares favorably to 3.1 keal/mole-5 A. 
of chain’? for the heat of crystallization at the melting point of polymethyl- 
ene (410°K.). The cohesion energy density, CED = E)/v, is calculated to 
be 65.3 eal./ec. at O°K. and 51.3 eal./ce. at 298°K. This compares to an 
experimental value of about 66 cal./cc. at 298°K.!?. The difference of 28% 
between the experimental and calculated values at 298°K. is probably 
within the range of uncertainty of the compressibility used in the calcula- 
tion. Equation (24) may be used to calculate a value of 3C,, equal to 0.61 





T (°K) 


Fig. 8. Thermal expansion of amorphous polybutadiene at low pressure. 
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Fig. 9. Thermal expansion of VYHH copolymer. 


external degrees of freedom/center. This compares with values of 0.59 


calculated by Hijmans* from compressibility data on a homologous series of 
saturated hydrocarbons up to hexadecane and about 0.6 as estimated by 
Prigogene® from data on the same series of compounds. Figure 6 may then 
be used to predict the thermal expansion of amorphous polybutadiene at 
low pressure. The result is plotted in Vigure 8. Within the range of 
validity of the cell model (below v/v* = 1.1), a slightly curved line is ob- 
tained. The whole range may be very closely approximated by two 
straight lines which intersect at about 195°K., as shown in Figure 8. This 
is just about identical to the reported glass-transition temperature of 
188°K. for polybutadiene. The slopes of these lines are then interpreted 
as the “apparent” volume coefficients of thermal expansion in the glassy 
and rubbery states. The calculated value of 4.6 X 10~‘ ec./g.°K. is higher 
than the 2 X 10~‘ cc./g.°K. reported by Wood" for the volume coefficient 
of thermal expansion for polybutadiene in the glassy state. This is not sur- 
prising in light of numerous reports that the glass transition is a function of 
rate of cooling and in many cases even “disappears” when measurements are 
sufficiently prolonged to reach a “real equilibrium.” 

Tables III and IV show a comparison of the predicted and experimental 
values of expansion coefficients, probable glass-transition temperatures, 
molecular force constants, lattice energies, and cohesion energy densities for 
several amorphous high polymers. The thermal expansion data of Kumins 
and Rotemar" for VY HH copolymer are plotted along with the theoretical 
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curve as determined from an expansion coefficient at 50°C. Three straight 
lines can easily be drawn through the theoretical curve to give the two 
glass transitions of 303°K. and 350°K. as reported by Kumins and Rote- 
man. The predicted values of glass transition temperatures and cohesion 
energy densities compare favorably with experimental values in all cases. 
The calculated lattice energies at 0°K. compare favorably to four times the 
specific molar cohesion (SMC) as reported by Mark;'* the polymers are 
listed in the same order and the “‘cohesiveness”’ increases by about the same 
amount. Polyisobutene is the only exception but in light of the unusual 
helical arrangement of the crystal structure this is not surprising. The 
model appears to hold equally well for straight chain, streamlined molecules, 
such as polybutadiene, and nonstreamlined molecules with bulky substitu- 
ents, such as polystyrene. 


TABLE III 
Thermodynamic Properties of Some Linear Polymers 
Experimental* 
Theoretical 
incre pinta ergiomicnannientt “ARFEE Ok 10%, 
dv/dT X 104, A ee. /g.°K. 
ec. /g.°K. - 
ae parent Rub- 
Rubbery Glassy Ts, bery Glassy 
Polymer state state “RK: state state Vey. Se 
Polybutadiene 7.0 4.6 195 7.5 2.0 188 
Natural rubber 6.16 3.5 205 6.16 2.1 201 
Neoprene 4.2 3.0 240 4.2 — 235! 
Polyisobutene 6.1 4.0 200 6.1 — 203 
Polyvinyl chloride 3.2 2.3 360 5.2 2.3 355 
Polyvinyl acetate 3.1 2.2 320 5.98 2.2 302 
VYHH copolymer 4.315 ° e 4.31 e e 
(87% PVC/13% PVA) ° 1.954 ° e 1.95 e 
Polystyrene 3.5 2.5 370 3.3° 2.6° 373 


® Data of Tobolsky.'? 
b At 50°C. 

© See Figure 9. 

4 At 0°C. 

© Data of McKelvey.‘ 

f Estimated as */; of the melting temperature. 


In order to determine the molar cohesion for a specific organic group, one 
may assume that the calculated cohesion per ‘‘average”’ center is made up of 
additive contributions of all organic groups. Thus, for polyvinyl] chloride, 
—CH,—CHCIl—, the average cohesion per center at 0°K. is 2.02 keal./ 
mole-center and the cohesion for a mole of —-CH,— plus a mole of —-CH- 
Cl— is 4.04 keal./mole If it is assumed that the cohesion of a —CH,— 
group is equal to the cohesion of a — CH= group, the evaluated lattice 
energy at 0°K. for amorphous polybutadiene gives a molar cohesion of 0.86 
kcal./mole for each of these organic groups. Proceeding in the same way 
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for each of the polymers listed in Table IV, one calculates the molar cohe- 
sions for the organic groups which are listed in Table V. The comparison 
with the molar cohesions evaluated by Dunkel" from vaporization and sub- 
limation data on various homologous series is very favorable. 


TABLE V 
Molar Cohesion of Different Organic Groups 





Molar cohesion, kcal. /mole 


Evaluated by 
Group Calculated (this work) Dunkel 





—Cis— . 86 0.99 
—CH= . 86 0.99 


—C= .74 (from natural 1.40 
Rubber) 
CH; 


CH; .48 (from poly- 
isobutene) 


—C—CH;— 
—CH— 3.18 (from PVC) 


2.42 (from neoprene) 


OCOCH; .06 (from polyvinyl 
acetate) 
—CH— 
CoH; .94 (from poly- 
styrene) 
ot, 
* Estimated from SMC.?* 


When one considers the varied sources of data and the crudeness of ap- 
proximating some of the physical constants, the agreement between experi- 
ment and theory looks very good. It occurred to the author that if the 
simple cell model was truly useful it should be capable of interpreting other 
kinds of phenomena as well. The paper that follows'* will show how one 
may make use of the activation energy for gaseous diffusion through a thin 
film of an amorphous polymer to determine the molar cohesion, the thermo- 
dynamic properties, and the activation energy for self-diffusion. 
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Résumé 


On a employé un modéle cellulaire pour décrire les propriétés de hauts polyméres 
amorphes, qui ne dépendent pas de leur structure. Un polymére amorphe est carac- 
térisé comme une phase avec un composant contenant N segments polymériques iden- 
tiques, chacun 4 n-centres. A chaque centre agit une source de potentiel dont le carré 4 
une symétrie cylindrique. Celle-ci résulte des interactions du type 6-12 entre des 
centres situés le long de l’axe de la chaine polymérique. Les constantes moléculaires, 
le comportement p-V-7, la température de transition vitreuse et la densité de l’énergie 
de cohésion, sont prédits en se basant sur un minimum de données expérimentales. On 
trouve un bon accord entre la théorie et les données expérimentales provenant de dif- 
férentes sources dans la littérature, pour huit polyméres amorphes. 


Zusammenfassung 


Zur Beschreibung der struktur-unempfindlichen Vigenschaften amorpher Hochpoly- 
merer wird ein Zellmodell verwendet. Ein amorphes Polymeres wird als homogene, 
einkomponentige Phase mit. N identischen n-zentrigen Polymersegmenten charakteris- 
iert. Auf jedes Zentrum wirkt ein ‘“zylindersymmetrisches’ quadratisches kasten 
potential, welches aus der Annahme einer Wechselwirkung vom 6—12-Typ zwischen 
Punktzentren entlang der Achse der Polymerkette entwickelt wird. Molekiilkonstan- 
ten, p-V-7-Verhalten, Glasumwandlungstemperaturen und Kohisionsenergiedichten 
werden mit einem Minimum von Versuchsdaten berechnet. An acht amorphen Poly- 
meren wird eine gute Ubereinstimmung zwischen der Theorie und den aus verschiedenen 
Literaturquellen entnommenen Versuchsdaten gezeigt. 


Received August 18, 1962 
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Molecular Properties of Amorphous High Polymers. 


II. An Interpretation of Gaseous Diffusion 
Through Polymers 


A. T. DIBENEDETTO, Department of Chemical Engineering, University 
of Wisconsin, Madison, Wisconsin 


Synopsis 


A cell model is extended in order to interpret gaseous diffusion data through thin films 
of amorphous polymers. An amorphous polymer is again characterized as a homo- 
geneous one component phase containing N identical n-center polymer segments. A 
sorbed gas molecule is visualized as occupying an equilibrium position in a homogeneous 
lattice and behaving as a three dimensional harmonic oscillator trapped by surrounding 
bundles of parallel polymer segments. A diffusion ‘“jump’’ is assumed to occur when 
four parallel polymer segments separate sufficiently to create a cylindrical void into 
which the gas molecule can move. Equations are developed which relate the activation 
energy for gaseous diffusion, the activation energy for self diffusion and the length of an 
average polymer segment to the molecular properties of the polymer. Gaseous diffusion 
data from various literature sources are successfully analyzed on this basis. 


In the preceding paper? a modified version of standard cell theories was 
used to obtain an equation of state for amorphous polymers. Cohesion 
energy densities, glass transition temperatures and p-V-7' behavior were 
interpreted in terms of a simple homogeneous lattice of N n-center polymer 
segments. This paper extends these concepts in order to interpret gaseous 
diffusion data through thin films of polymers. Cohesion energy density 
and polymer self-diffusion are related to the activation energy for gaseous 
diffusion. The concept of segmental motion? arises naturally from this 
approach, and a method is developed for determining the length of an 
“average” polymer segment. 


Approach to the Problem 


The equilibrium concentration of an inorganic, inert gas in a solid polymer 
is sufficiently low so that the distance between gas molecules in the solid 
state is large relative to the interchain spacing. A typical solubility at 
standard conditions is 10~? cc. gas/cc. of polymer or one gas molecule/10® 
A.* of polymer. One may visualize a sorbed gas molecule as occupying 
an “equilibrium” site and behaving as a three-dimensional harmonic os- 
cillator.* It is trapped at this site by surrounding bundles of parallel n- 
center polymer segments. ‘The amorphous polymer is again assumed -to 

3477 
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ACTIVATED STATE 


Fig. 1. The activation process for diffusion. 
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Fig. 2. Reduced potential energy of interaction between a single center and four polymer 
chains. 


be a homogeneous, random array of N n-center segments (where N is 
Avogadro’s number), each of which is in a “cylindrically” symmetric po- 
tential field formed by four nearest neighbors. During the course of normal 
thermal vibrations and rotations of the polymer segments, the normal unit 
cel] expands and contracts. The motion of the segments can coordinate 
in such a way as to produce a cylindrical void adjacent to the sorbed mole- 
cule which is then able to exchange a degree of vibrational freedom for a 
degree of translational freedom and thereby “diffuse” into the void. Since 
the oscillatory movement of the polymer segments is very likely several 
orders of magnitude slower than the translational rate of the gas molecules, 
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one can describe the diffusional process in terms of a “normal”’ state and an 
“activated”’ state, both of which are long-lived relative to the translational 
rate of the gas molecule. [igure | illustrates the diffusion of a gas molecule 
while the unit cell of four parallel polymer segments is in an activated state. 
The molecule will traverse the diffusion path many times during the life 
of the activated state and will spend most of its time at the ends of the cell 
where its velocity is zero. The activation process involves the partial 
destruction of van der Waals bonds between four parallel polymer segments. 
The extent of the separation will depend on the collision diameter of the 
diffusing gas molecules. 

It is assumed that the unit cell involved in the process consists of four 
parallel n-center segments, each of which has a coordination number of 
four. It is also assumed that the cell retains its identity during the activa- 
tion process and that the potential energy function used in the previous 
paper describes the instantaneous potential energy ¢rc of one center on 
the polymer segment: 


gro = (4e*p*/2d) [0.77 (v*/v) "2 — 2.32(0*/v)5/?] (1) 


where ¢«*, v*, and p* are the energy, volume, and distance parameters, 
respectively, for the 6—12 potential, 2\ is the chain length per center, and 
v is the volume per center. Equation (1) is plotted in Figure 2. 

It is further assumed that the unit cell volume in the activated state 
consists of the average free volume in the normal state plus a cylindrical 
void large enough to accommodate a gas molecule of collision diameter d,. 
The unit cell volume in the activated state is, therefore: 


ma = 2Wn(1/4)d,? + nv (2) 


The potential energy change of the unit cell going from the normal to the 
activated state is then: 


AEp/N = Ag 
e 2e* p*n/d{ 0.77 [(v*/va) 1? = (v*/y) 4/2] 
— 2.32[(v*/va)*? — (v*/v)5?]} (3) 


where AEp is the activation energy for gaseous diffusion. If one neglects 
the interaction of the gas molecule with its surroundings and also the work 
required to compress the surrounding chains, the potential energy change, 
Ag, for partially breaking four van der Waals bonds may be equated to the 
activation energy for the diffusion of a single gas molecule, (AZp/N). 
If one plots the activation energy for diffusion of several different gases 
through a thin film of polymer versus the quantity in braces in eq. (3), a 
straight line with a slope (2e*p*n/d) should result. The quantity (e*p*/)) 
can be related to the compressibility of the polymer by using the relation- 
ship developed in the previous paper [eq. (4) below] and then the number 
of centers per unit cell, n, or the length of a polymer segment, 2An, can be 
determined. Cohesion energy densities CED, molecular constants, etc., 
may then be evaluated from.the thermodynamic equations of state. 
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v/e*p*k = 
{ [1 — 0.415(v*/v) 2] [5.81(v*/n)5/2 — 4.26(v*/v)'"/2]/[1 — 0.830(v*/v) 2] 
— [20.35(v*/v)5/? — 27.75(v*/v)/2]} (4) 


(3Cm)ART/2Ne*p* = 
[5.81(v*/v) 9/2 — 4.26(v*/v)!/2][1 — 0.83(0*/n)¥2] (5) 


CED at T°K. = e*p*/dv[0.77(v*/v) "1/2 — 2.32(v*/v)*/?] (6) 


where «x is the coefficient of isothermal compression and 3C,, is the number 
of external degrees of freedom per center. Collision diameters for a num- 
ber of simple gases based on viscosity data and a Lennard-Jones 6-12 
potential are listed in Table I. 


TABLE I 
Collision Diameters for Simple Gases* 


Gas de, A. (3 /4)dy?, A.? 


He 2.58 5.23 
Ne 86 6.43 
H, 92 6.70 
A 47 9.47 
Oz .54 9.85 
CoO 71 10.81 
Nz 3.75 11.05 
COs 3.90 11.95 


® Data of Trautz, Melster, and Zink reported in M.7.G.L.4 


The self-diffusion (or viscous flow at very low rates of strain) can also be 
described through activated state concepts. The flow of a polymer mole- 
cule is visualized as a coordinated sequence of segmental movements. 
Evidence has been offered which indicates that this is a plausible view.” 


NORMAL STATE AcTIVATED STATE 
OF UNIT CELL OF UNIT CELL 


Fig. 3. Self-diffusion of a pair of polymer segments by a rotational exchange. 
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Fig. 4. Activation energies vs. reduced potential according to eq. (3). 


In terms of the model presented here, each polymer segment is equivalent 
to an n-center segment within its unit cell. Self-diffusion (or viscous flow 
at very low rate of strain) can occur when there is a rotational exchange of 
positions of two neighboring polymer segments. The proposed mechanism 
is illustrated in Figure 3. When two adjacent unit cells expand sufficiently 
to “loosen” the van der Waals bonding of two adjacent segments, a rota- 
tional exchange is possible. When the sides of the unit cell are twice the 
effective radius of the segments po, the central segments should be free to 
pass out of their original cells. Since the partial destruction of 7n bonds is 
involved, the minimum potential energy change for exchange of a pair of 
segments is: 


Agsp = 7ne*p*/2}0.77(v*/v)!/2[(1/2)"/2 — 1] 
— 2.36(v*/v)5/2[(1/2)5/2 — 1]} (7) 
2(AEsp/N) = Agsp = 3.5ne*p*/d[1.94(v*/v)®/? — 0.75(v*/v)"/2] (8) 


The measured activation energy, (AHsp/N), in units of energy per poly- 
mer segment, is one half of the potential energy change, Agsp, in units of 
energy per pair of diffusing segments. 


Results 


The gaseous diffusion data listed in Table II come from reliable literature 
sources.*®-§ The molecular and thermodynamic constants needed for the 
evaluation of eq. (3) are tabulated in the previous paper' and in Figure 2. 
The technique is illustrated below for polybutadiene. 

The thermodynamic and molecular data required for polybutadiene a 
298°K. are: specific volume = 1.125 ec./g.; expansion coefficient = 


> 
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6.7 X 10-4 (°K.)~'; compressibility ~ 7.25 X 10~-'! em.*/dyne; chain 
length per center = 2A = 1.25 A. 

From Figures 6 and 7 of the previous paper! or eqs. (4)—(6) from this 
paper 


(v*/v) = 0.96 at 298°K.; v = 25.35 A.*/center; v* = 24.3 A.*/center; 
2Ne*p*/X = 1.06 keal./mole. 


The volume in the activated state is obtained from eq. (2), the segment 
potentials in both the normal and activated states are evaluated from eq. 
(1), and the potential energy change for the segmental rotation is evaluated 
from eq. (8). The results are listed in Table III and the experimental 
activation energies for diffusion are plotted as a function of reduced po- 
tential in Figure 4. The slope of the line is equal to 2Ne*p*n/X. For 
polybutadiene, 2Ne*p*n/A = 8.8 kcal./mole, and therefore the average 
number of centers per segment, n, is 8.3, or the length of a polymer segment, 
2\n,is 10.4 A. The activation energy for self-diffusion, A/sp, is evaluated 
from eq. (8) and is found to be 9.6 keal./mole at 298°K. 

There are very few data available to prove or disprove these figures. 
However, the activation energy for the viscous flow of rubbers is usually 
close to the activation energy for gaseous diffusion,’ and a value of 8-10 


TABLE III 
Molecular Constants From Interpretation of Gaseous Diffusion Data 





Exptl. 
activation 
energy for 

viscous 

flow, 
keal. / 
mole 


Exptl. 
CED at n, 2rn 
298°K.., centers / segment 


Polymer cal./ce. segment length, A. AZsp, kcal./mole 





Polybutadiene 66 8.3 10.4 
Natural rub- 66 9.1 10.7 
ber 


9.6 at 25°C. 8-10" 
12.4 at 25°C. 10> 


12.0 at 70°C. 


Neoprene 

Polyiso- 
butylene 

Polyvinyl 
acetate 


Polyvinyl 
chloride 

VYHH copoly- 
mer 


74 


14.9 at 25°C. 
25.4 at 25°C. 
23.8 at 120°C. 
35 at 0°C. 


43.5 at 50°C. 60-804 
34.0 at 25°C. 


32.4 at 25°C. 


® Data of Barrer.® 

> Data of Smallwood." 

© Data of Porter and Johnson.” 
4 Data of Morey. !” 
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keal./mole is very reasonable. Eyring and co-workers? have estimated the 
activation energy for flow of polymer segments as about one-fourth the 
energy of vaporization percenter. Since theactivation energy for the rubber 
is about 8 keal./mole and the vaporization energy is about 1 kcal./mole- 
centers, an average polymer segment of 32 centers should be predicted. 
The calculated value is about 8 centers. Eyring’s predictions are based 
on extrapolating data for a homologous series from the very low molecular 
weight constituents to the high molecular weight polymers. For example, 
he found that with a series of paraffin hydrocarbons the activation energy 
was about one-fourth the vaporization energy per atom times the number of 
atoms per molecule up to a molecular size of 8-10 carbon atoms per chain. 
When the molecule was larger than about 20-25 carbon atoms, the activa- 
tion energy stayed approximately constant at its maximum value. If the 
flow mechanism remained the same, these data indicate a segmental motion 
involving 20-25 atoms. It is also possible, however, that the flow mecha- 
nism is not the same for very high molecular weight compounds. One can 
visualize that a small molecule is able to move, with least resistance, parallel] 
to the chain axis. Perhaps only a partial separation of the atoms from their 
surroundings (AE,/4) is required. As the chain becomes longer, the 
activation energy for this ‘‘en masse”’ motion increases in direct proportion 
to the degree of polymerization. A point may be reached where it becomes 
easier for small groups of atoms along the chain of the molecule to almost 
completely separate from their surroundings and move normal to the chain 
axis. The flow mechanism then changes from the en masse move- 
ment parallel to the chain axis (with partial breaking of van der Waals 
bonds) to a coordinated sequence of segmental jumps normal to the chain 
axis (with a more complete breaking of van der Waalsbonds). The activa- 
tion energy for self diffusion then becomes independent of chain length. 
Thus for the case of polybutadiene it is postulated that the activation 
energy will increase until a chain length of about 40 centers is reached 
after which the flow mechanism changes to a coordinated sequence of 
segmental jumps involving 10 A. segments. 

Results for the other polymers listed in Table IT are shown in Figures 4-6 
and in Table III. In all cases the activation energy for diffusion is a linear 
function of the reduced potential change, (Ag)A/2e«*p*n, as predicted by 
eq. (3). The calculated length of a polymer segment is between 10 and 
15 A. for all the polymers except polyvinyl chloride, for which it is 20 A. 
Polyvinyl chloride is the only material on the list that cannot be classed 
as a rubber or a noncrystallizable plastic and therefore one might expect a 
higher degree of orientation when there are no external stresses. As 
expected, the predicted activation energies increase in about the same 
order as the cohesion energy densities of the polymer. Although the acti- 
vation energy for self diffusion is not necessarily equal to the activation 
energy for viscous flow, these quantities are expected to approach one 
another at low rates of strain. The experimental values for polybutadiene 
and natural rubber are very close to the calculated energies for self diffusion. 
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Fig. 5. Activation energies vs. reduced potential for natural rubber at different tempera- 
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Fig. 6. Activation energy vs. reduced potential for polyvinyl acetate. 


As expected, a value of 8-10 kcal./mole is about the same as the activation 
energy for gaseous diffusion.* Meares has attributed the high activation 
energy for the viscous flow of polyviny] acetate to the movement of larger 
polymer segments than those involved in gaseous diffusion. This de- 
velopment assumes the same polymer segments are involved and still pre- 
dicts a much higher activation energy for self-diffusion. 

Activation energy data for the simplest polymer molecules, for which 
the model is expected to be at its best, plot to very good straight lines 
(e.g., polybutadiene, neoprene, polyisobutene, and natural rubber). On 
the other hand, the data for polyvinyl acetate and the VYHH copolymer 
scatter a good deal. umins and Roteman® plotted their data for VYHH 
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copolymer as an exponential function of the covalent radius of the gas 
molecule and used the theory of hole formation to explain the result. 
Which description is generally more useful was not tested because of the 
lack of sufficient data to evaluate the minimum free volume requirements 
for all the polymers involved. Meares* reported different activation ener- 
gies above, below, and near the apparent glass transition temperature. 
The results far removed from the transition are easy to evaluate and the 
conclusions are much the same as those presented by Meares without hav- 
ing to distinguish between the glassy and the rubbery states. The be- 
havior around the transition, where the activation energy of hydrogen is 
zero, is not easy to explain by any known theory. Amerongen® has shown 
that the activation energies are also a function of temperature. The data 
for natural rubber (Fig. 5) at different temperatures plot to straight lines 
and show a slight tendency to decrease in slope as the temperature increases. 
This might be interpreted as a slight decrease in the effective length of a 
polymer segment as the temperature increases or, in other words, a de- 
crease in the “order” of the structure. The straight line drawn for poly- 
vinyl chloride (Fig. 4) is based on only one point, the activation energy for 
the diffusion of water vapor. The fact that this point lies on the same line 
as drawn for VYHH copolymer, which is 87% polyvinyl chloride, is very 
encouraging. 

The results make it appear that the interpretations presented are useful 
for describing a variety of thermodynamic and diffusional properties of 


amorphous polymers in which crystallization has not occurred. A good 
deal more physical data on isothermal, isotropic compressibility, thermal 
expansion, gaseous diffusion, bulk self-diffusion, and viscous flow are 
required before a complete theoretical analysis can be evaluated. 
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Résumé 


On a développé un modéle cellulaire afin d’interpréter des données de diffusion a 
travers de minces films de polyméres amorphes. Un polymére amorphe est 4 nouveau 
caractérisé comme étant composé d’une phase homogéne content N segments identiques 
d’un polymére 4 n-centres. Une molécules de gaz adsorbé est vue comme occupant une 
position d’équilibre dans un réseau homogéne et se comportant comme un oscillateur 
harmonique tridimensionnel piégé par des paquets environnants de segments paralléles 
de polymére. On suppose qu’il y a un “‘saut’’ de diffusion lorsque quatre segments 
paralléles de polymére se séparent suffisamment pour produire un vide cylindrique dans 
lequel la molécules de gaz peut se mouvoir. On développe des équations qui relient 
V’énergie d’activation de la diffusion des gaz, l’énergie d’activation d’auto-diffusion et la 
longueur d’un segment moyen du polymére aux propriétés moléculaires du polymére. 
Sur cette base on dicute avec succés les différentes données de la littérature concernant 
la diffusion des gaz. 


Zusammenfassung 


Zur Interpretierung der Ergebnisse bei der Gasdiffusion durch diinne Folien aus amor- 
phen Polymeren wurde ein erweitertes Zellmodell herangezogen. Ein amorphes Poly- 
meres wird wieder als homogene einkomponentige Phase mit N identischen n-zentrigen 
Polymersegmenten charakterisiert. Eine sorbierte Gasmolekel wird als in einer Gleich- 
gewichtsstellung in einem homogenen Gitter befindlich betrachtet und soll sich als 
dreidimensionaler, durch umgebende Biindel paralleler Polymersegmente eingeschlos- 
sener, harmonischer Oszillator verhalten. Es wird angenommen, dass ein Diffusions- 
“Sprung” eintritt, wenn sich vier parallele Polymersegmente weit genug trennen, um 
einen zylindrischen Hohlraum zu schaffen in welchem sich die Gasmolekel hineinbewe- 
gen kann. Es werden Gleichungen abgeleitet, in welchen die Aktivierungs-energie der 
Gasdiffusion, die Aktivierungsenergie der Selbstdiffusion und die Liinge eines mittleren 
Polymersegments zu den Eigenschaften der Polymermolekel in Beziehung gesetzt 
werden. Auf dieser Grundlage ist eine erfolgreiche Analyse der Gasdiffusionsdaten aus 
verschiedenen Literaturquellen méglich. 
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Synergistic Antioxidant Combinations. 
Carbon Black Substitutes 


W. L. HAWKINS and MRS. M. A. WORTHINGTON, Bell Telephone 
Laboratories, Incorporated, Murray Hill, New Jersey 


Synopsis 


Alkylated diphenoquinones form synergistic antioxidant combinations with sulfur and 
a variety of organosulfur compounds. In combination with thiols, reduction of the 
diphenoquinones to their corresponding diphenols occurs, and these phenols are also 
synergistic with sulfur compounds. Secondary amines including N,N’-diphenyl-p- 
phenylenediamine and the diimine formed by its oxidation function similarly as do the 
polyacenes. Synergism with these antioxidant systems may result from regeneration 
of a phenol or a secondary amine as the active chain terminator. The effectiveness of 
these antioxidant combinations suggests, however, that additional stabilization re- 
actions may occur involving the sulfur component. 


Introduction 


Oxidation of polyethylene is initiated by both heat and light. Thermal 
oxidation can be inhibited by incorporating into the polymer small amounts 
of organic compounds containing one or more labile hydrogen atoms. 
These compounds usually belong to one of two classes, hindered phenols 
or secondary aromatic amines. Because such thermal antioxidants are 
much less effective against photooxidation, light absorbers are often 
added. Carbon black is by far the best light screen, but unfortunately 
it may reduce the amount of protection afforded by these thermal antioxi- 
dants.! This disadvantage can be overcome by using sulfur-containing 
antioxidants,? which are often highly effective in their own right and which 
become even better in the presence of carbon black. Even sulfur com- 
pounds which demonstrate no antioxidant ability in clear polyethylene 
form excellent protectants with carbon black. This phenomenon is referred 
to as synergism, where the cumulative protection afforded by the com- 
bination of two compounds is greater than would be expected from the ad- 
ditive contribution of the two components. 

In order to determine what property of carbon black was responsible 
for its synergistic ability, several model compounds resembling carbon 
black were examined to see if they behaved similarly. This approach 
could result in the development of nonblack synergistic agents, and also 
help to explain the mechanism by which the carbon black components func- 
tion in synergistic combinations. 
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Experimental Procedure 


Components of the antioxidant systems were introduced into branched 
polyethylene by a standard milling procedure in the amount of 0.1% by 
weight unless otherwise specified. The samples were then placed in an 
oxygen atmosphere and the amount of oxygen absorbed was measured 
volumetrically at 140°C. (Details of this test have been described pre- 
viously. *) 

When the volume of oxygen absorbed was plotted against elapsed time, 
it was observed that oxidation of the polymer proceeded at a slow steady 
rate during the induction period, and then at a rapidly increasing rate dur- 
ing autocatalysis. The induction period was taken as a measure of the 
ultimate failure of the antioxidant, and was determined by extrapolating 
the linear portion of the rapid steady-state rate to the time axis. 


Results 


A carbon black particle consists of many carbon atoms in fused aromatic 
rings, usually with oxygen-containing functional groups at the surface. 
These groups have been variously described as quinones, phenols, lactones, 
etc.,*? and they have been reported to be responsible for the ability of car- 
bon to function as a mild thermal antioxidant.‘ 

Simple quinones and phenols, such as duroquinone and catechol, were 
found to be nonsynergistic with sulfur antioxidants. When 3,5,3’,5’- 
tetra-tert-butyl-4,4’-diphenoquinone was combined with 2-naphthalene- 
thiol, however, a definite synergistic effect was observed® (Fig. 1). Other 


C(CHs), £ (CHs), 


(b) 


oO 
~- 
Po ae 
— 











OXYGEN UPTAKE IN CC PER GRAM 
+ aa 


N 








TIME IN HOURS 


Synergistic combination of 3,5,3’,5’-tetra-tert-butyl-4,4’-diphenoquinone and 2- 
naphthalenethiol in polyethylene at 140°C.; (a), (b) 0.1% of each alone. 
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o-alkylated diphenoquinones and a stilbenequinone behaved similarly 
(Table I). A variety of sulfur compounds, including aromatic and ali- 
phatic disulfides and thiols, the thiuram disulfides, thio-ethers, and ele- 
mental sulfur also showed the synergistic effect with a typical diphenoqui- 
none, as opposed to other nonsulfur antioxidants which were simply addi- 
tive (Table II). All these sulfur compounds formed synergistic combina- 
tions with carbon black. The only exception was benzyl phenyl] sulfide, 
which was not enhanced by the diphenoquinone, and which was only mildly 
synergistic with carbon black.? 

Equal concentrations by weight of 2-naphthalenethiol and 3,5,3’,5’- 
tetramethyl-4,4’-diphenoquinone, which in combination effectively in- 
hibit polyethylene oxidation, represent a ratio of about 2.6 moles of thiol 
per mole of quinone. As these two components are mixed into molten 
polyethylene, the deep red color of the quinone disappears leaving the mix- 
ture practically colorless. The quantity of thiol in this example is suffi- 
cient to reduce the diphenoquinone to its corresponding diphenol which is 
colorless; it would be expected to function effectively as an antioxidant. 
The diphenol, since it could yield the diphenoquinone by extraction of its 

TABLE I 
Synergistic Combinations of 0.1% of Various Quinones and 0.1% of 2-Naphthalenethiol 
_ (Induction Period 10 hr.) 


Induction period, hr. at 140°C. 





Formula Alone Combination 
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TABLE II 
Antioxidant Combinations Involving 0.1% of 3,5,3’,5’-Tetra-tert-butyl-4,4 'diphenc- 
quinone and 0.1% of a Sulfur Compound or a Conventional Antioxidant 


(55-70 Hr.) 


Induction period, hr. at 140°C. 
Formula Alone Combination 


Synergistic 
5S 220 20 


, “SSH 10 215 
rp (504) 
WAZA ~ 


(Ci2H25)—S—S—(Ci2He5) 450 
R is methyl ; 
R R 


N—C—S—S8—C—N 
/ | se 
ee S 
R is ethyl 
CH, (CH), 
C(CH,); CH 
Additive 


C 
3 


OH 
C(CHs); C(CHs); 


ae H o H 
OAK)? 


OH OH 
C(CHs), C(CHs), 
CH, 
CH, CH, 


two labile hydrogens, would be expected to form synergistic combinations 
with sulfur compounds. This diphenol and several other alkylated homo- 
logues are approximately as effective as their corresponding diphenoqui- 
nones with both 2-naphthalenethiol and di-8-napththyl disulfide. Sec- 
ondary amine antioxidants, as for example, N,N’-diphenyl-p-phenylene- 
diamine, are also synergistic with sulfur compounds (Fig. 2). This amine 
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TABLE III 
Synergistic Combinations of Polyacenes in 0.1% Concentration With an Equal Weight 
of 2-Naphthalenethiol 


Induction period 
(hr. at 140°C.) 


Name Formula Color Alone Combination 


Naphthalene White 16 


Anthracene 


Naphthacene 


Pentacene 


Perylene 


Coronene 


White 


Orange 


Deep purple 


Orange 


Yellow 


3000+ 


3500+ 


2000+ 





on oxidation yields a quinone derivative, which also forms very effective 
antioxidant combinations with organo-sulfur compounds. Other amines 
which can give up a hydrogen to yield a somewhat similar structure are 
diphenylamine and phenyl-6$-naphthylamine, both of which form effective 
antioxidant combinations with sulfur compounds. 


H H 
{0} 
CP POD Ct) 
Polyacenes may be considered as models for the fused aromatic structure 
of deoxygenated carbon black. The lower homologues, naphthalene and 
anthracene, show no synergism with thiols, but naphthacene (Fig. 3) 
forms an effective antioxidant system for polyethylene with both thiols 
and disulfides. Except for triphenylene, which is only slightly synergistic, 
other isomers of naphthacene, namely pyrene, chrysene, and 1,2-benzan- 
thracene, are not synergistic with 2-naphthalenethiol. The nonlinear 
polyacenes, perylene and coronene, however, form effective antioxidant 
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Fig. 2. Synergistic combination of 0.1% N,N’-diphenyl-p-phenylenediamine and 0.1% 
2-naphthalenethiol in polyethylene at 140°C. 


systems with the thiol. The extent of synergism with perylene is compara- 
ble to its linear isomer, pentacene. In every instance (Table III) those 
polyacenes which absorb in the visible region of the spectrum form effective 
antioxidant systems with sulfur compounds, and those which are colorless 
show no synergism. 

Aliphatic unsaturated hydrocarbons also combined with sulfur com- 
pounds to inhibit the oxidation of polyethylene. A series of diphenyl- 
polyenes of the general formula Cs;H;(CH=-CH),(CsHs) was studied in 
combination with 2-naphthalenethiol. The first two members of the series 
(n = 1 and n = 2) were ineffective, but 1,6-diphenylhexatriene (n = 3) 
showed a moderate synergistic effect. There was a substantial increase 
in effectiveness between the triene and the next member of the series, 1,8- 
diphenyloctatetraene, which in combination with 2-naphthalenethiol gave 
an induction period of over 1000 hr. None of these diphenylpolyenes alone 
inhibited polyethylene oxidation. As in the polyacenes, a relationship 
was observed between color and the ability of these compounds to function 
synergistically. Both trans-stilbene and 1,4-diphenylbutadiene are color- 
less and nonsynergistic in contrast to the higher members of the series which 
formed effective combinations. The natural pigment, 6-carotene, which 
contains a longer, aliphatic unsaturated system but no terminal aromatic 
rings is somewhat less effective than 1,6-diphenylhexatriene. With 2-naph- 
thalenethiol, 6-carotene gives an induction period of 140 hr., which is still 
considerably less than the 1400 hr. observed with 1,8-diphenyloctatetraene. 


Discussion 


The synergistic antioxidant combinations described in this paper and in 
several of our previous communications'** contain sulfur or a sulfur com- 
pound as one of the components, and carbon black or a substitute for this 
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pigment as the second component. Pigments other than carbon black, 
e.g., SiO2, Al,O;, TiO. ete., do not function as antioxidants nor do they 
form synergistic combinations with sulfur compounds. Carbon black dif- 
fers from these pigments in two important respects; (/) the presence of a 
complex system of conjugated double bonds in the form of fused aromatic 
rings, and (2) the existence of oxygenated groups including phenolic and 
carbonyl groups on the particle surface. 

Each of the carbon black substitutes described in this paper has either a 
high degree of conjugated unsaturation, or could yield products of this type 
by loss of labile hydrogen in the process of stabilization. Precursors of 
these unsaturated products also contain active groups similar to those in 
oxygenated carbon black, or have the typical secondary amino or phenolic 
antioxidant groups. In synergistic combination with sulfur compounds 
either or both of these structural features may contribute to the stabiliza- 
tion mechanism. Groupings containing labile hydrogen obviously can 
function as conventional (AH) antioxidants, but in the compounds which 
are synergistic with sulfur compounds, these reactive groups may be re- 
generated from their oxidation products, for example: 


CH, CH, CH, CH, 
woh) fot + 2800 — 0-{)-{“S0 + 08 
CH, CH, 


CH, CH; 


CH, CH; 
O00" — 
CH, CH, 





















CH, 









Other reactions of the oxidized product in these oxidation—reduction sys- 
tems may also contribute to the stabilization mechanism. 

It is evident from the reduction of diphenoquinones by thiols in poly- 
ethylene that the diphenol, an effective chain terminator, can be regen- 
erated in the polymer. During oxidation, however, this reaction would 
have to compete with the direct oxidation of the thiol to disulfide and with 
the extraction of labile hydrogen by propagating radicals in an AH-type 
termination. A similar reduction has been observed with naphthyl disul- 
fide and diphenoquinones in refluxing xylene under nitrogen. Phenol 
formation is confirmed by infrared analysis, and is accompanied by a de- 
crease in the quinone color. Reduction with naphthyl disulfide, however, 
appears to take place more slowly in polyethylene. Diphenyl-p-phenylene- 
diamine, which is oxidized to diphenyl quinonediimine, can also be re- 
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Fig. 3. Oxidation rate of polyethylene at 140°C. inhibited with 0.1% of naphthacene 
and 0.1% of 2-naphthalenethiol. 


generated by a similar series of reactions. Those polyacenes which form 
synergistic combinations also oxidize under relatively mild conditions and 
could yield quinone structures which might then react with the sulfur com- 


ponent to form phenols. Regeneration of a chain terminator through an 
oxidation—reduction system may therefore be an important reaction in the 
overall mechanism of synergism. 

An analogous regenerative mechanism has been proposed for inhibition 
of fat autoxidation by the synergistic combination of ascorbic acid and 
quinones.’ In these reactions, it is suggested that the quinone is reduced to 
a semiquinone or a hydroquinone by citric acid or an acidic product(s) 
of its oxidation. The reduction product then reacts with peroxy radicals 
to inhibit oxidation, presumably by a typical AH-type mechanism. In 
each instance where effective synergism has been observed, the unsaturated 
component absorbs strongly in the visible region. This effect is quite 
evident in the polyacene series where colorless 1,2-benzanthracene failed 
to show synergism in contrast to its isomer, naphthacene which is orange 
and is very effective with sulfur compounds. The significance of the type 
of conjugation present in the unsaturated component is further evident in 
a comparison between combinations of 2-naphthalene with trans-stilbene 
and with an alkylated stilbenequinone. trans-Stilbene, the first member 
in the diphenylpolyene series, is completely ineffective in combination with 
the thiol, but the stilbenequinone forms an effective antioxidant system. 
A complete discussion of the combined role of the two components of the 
synergistic combinations described herein will be presented in a following 
paper’ which includes in its perspective the mechanism by which the 
sulfur compounds function as stabilizers. 
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Résumé 


Les diphénoquinones alcoylées donnent lieu 4 la formation de combinaisons synergéti- 
ques antioxydantes en présence de composés sulfurés et d’une variété de composés 
organo-sulfurés. Dans la combinaison avec les thiols, il apparajt une réduction des 
diphénoquinones en diphénols correspondants, qui sont eux aussi synergétiques avec les 
composés sulfurés. Les amines secondaires y compris la N,N’-diphényl-p-phényléne- 
diamine et la diimine forment lors de leur oxydation une fonction similaire 4 celle que 
forment les polyacénes. La synérgie avec ces systémes antioxydants peut résulter de la 
régénération d’un phénol ou d’une amine secondaire comme un agent actif de terminaison 
dechaine. L’efficacité de ces combinaisons antioxydantes permet cependant de suggérer 
que des réactions de stabilisation par addition dues au composant sulfuré peuvent avoir 
lieu. 


Zusammenfassung 


Alkylierte Diphenochinone bilden mit Schwefel und einer Vielfalt von organischen 
Schwefelverbindungen synergistische Antioxydanskombinationen. Mit Thiolen findet 
eine Reduktion der Diphenochinone zu den entsprechenden Diphenolen statt und auch 
diese Phenole verhalten sich mit Schwefelverbindungen synergistisch. Sekundire 
Amine, einschliesslich des N,N ’-Diphenyl-p-phenylendiamins und des durch seine Oxyda- 
tion gebildeten Diimins, verhalten sich ahnlich wie die Polyacene. Der Synergismus 
kann bei diesen Antioxydanssystemen durch Regenerierung eines Phenols oder sekun- 
diren Amins als wirksames Kettenabbruchsmittel zu Stande kommen. Die Wirk- 
samkeit dieser Antioxydanskombinationen lisst aber vermuten, dass zusiitzliche Stabili- 
sierungsreaktionen unter Beteiligung der Schwefelkomponente auftreten. 
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Synergistic Antioxidant Combinations. Mechanism 


of Stabilization with Organo-Sulfur Compounds 


W. L. HAWKINS and MRS. H. SAUTTER, Bell Telephone Laboratories, 
Incorporated, Murray Hill, New Jersey 


Synopsis 


The ability of diary] disulfides to inhibit polyethylene oxidation is a result of the 
formation of an active antioxidant from these additives. This is evident from their 
ineffectiveness to inhibit until substantial oxidation has occurred. Elemental sulfur also 
appears to form a more effective stabilizer as oxidation proceeds. Thiolsulfinates have 
been suggested as the active products which are formed from disulfides. However, 
phenyl] benzenethiolsulfinate decomposes rapidly even at its melting point (70°C.), and 
yet the protection obtained when it is added to cumene at 120°C. far exceeds the time in 
which total decomposition would occur. At low concentrations, phenyl benzenethiol- 
sulfinate also fails to inhibit until oxidation has proceeded for an appreciable time. 
Thermal decomposition of phenyl benzenethiolsulfinate yields sulfur dioxide in addition 
to other products. Elemental sulfur and the several organo-sulfur compounds studied 
function as stabilizers through their ability to decompose peroxides. Sulfur dioxide is by 
far the most effective peroxide decomposer. It apparently functions catalytically through 
an ionic mechanism forming products which do not propagate oxidation. The addi- 
tional role of sulfur compounds to decompose peroxides, coupled with the ability to 
regenerate chain terminators in antioxidant combinations may account for the high 
order of synergism obtained with these compounds. 


Aryl disulfides in 0.1% concentration inhibit the autoxidation of poly- 
olefins only after an appreciable reaction of the polymer with oxygen.’ 
Barnard and co-workers? observing a similar effect of alkyl disulfides on 
the oxidation of squalene at 75°C., have suggested that the disulfides 
are oxidized to thiolsulfinates in the initial oxidation step, 


[0] 
RSSR — RSOSR 


and that these sulfinic esters are the active antioxidants. The existence of 
thiolsulfinates in this series of reactions must be transitory, however, since 
these esters decompose rapidly under a variety of conditions. The decom- 
position of phenyl benzenethiolsulfinate in a vacuum to a quantitative yield 
of phenyl] disulfide and phenyl benzenethiolsulfonate has been described by 
Barnard. 

Formation of an active antioxidant is also indicated in the stabilization 
of polyethylene with elemental sulfur. With 0.1% of sulfur there is an 
induction period, then an autocatalytic reaction after which the oxidation 
stops abruptly just as it does with the disulfides. It seems unlikely in 
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this instance that disulfides and thiolsulfinates are formed during the oxi- 
dation. Since many organo-sulfur compounds form useful synergistic 
systems with carbon black‘ and with carbon black substitutes,® it is im- 
portant to understand the mechanism by which the sulfur compounds in- 
hibit autoxidation, and the manner in which the components of synergistic 
systems complement one another. 


Experimental Results 


Stabilization reactions involving sulfur and a variety of organosulfur 
compounds were studied in oxidizing cumene. This hydrocarbon was cho- 
sen as a model compound because it has only one vulnerable point for oxida- 
tion, and its hydroperoxide can be prepared in pure form. The rate of 
oxidation for uninhibited cumene at 120°C., shown in Figure 1, was not 
altered in the presence of 0.1% of phenyl disulfide until after 8 cc. of oxy- 
gen were absorbed per gram of cumene over a period of a little more than 
1'/. hr. There was a slight expansion in the gas volume as the oxidation 
stopped, and the reaction was then effectively inhibited. In contrast, 0.1% 
of phenyl benzenethiolsulfinate immediately inhibited cumene oxidation. 
Phenyl benzenethiolsulfonate eventually stopped the oxidation, but only 
after oxygen absorption had proceeded for 2'/2 hr. with an oxygen uptake 
of 16 ec./g. of cumene. In this reaction there was a slow expansion in gas 
volume over a period of several hours. Analysis of each of these reaction 
mixtures after inhibition showed that there was practically no peroxide 
remaining at this point. Expansion of the gas volume was therefore as- 
sumed to be the result of peroxide decomposition into volatile products. 
The oxygen uptake was low for cumene inhibited with elemental sulfur. 
Although analysis indicated that peroxide decomposition had occurred, 
there was no evident increase in volume at this low peroxide content. 


N 


OXYGEN UPTAKE IN CC PER CC OF CUMENE 


TIME IN HOURS 


Fig. 1. Inhibiton of cumene oxidation at 120°C. by sulfur in 0.02% concentration and 
by sulfur compounds in 0.1% concentration where R is phenyl. 
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OXYGEN UPTAKE IN CC PER CC CUMENE 


4 5 6 10 
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Fig. 2. The effect of addition of sulfur compounds to oxidizing cumene at 120°C.; 
(1) control; (2) 0.02% sulfur; (3) 0.1% phenyl disulfide; (4) 0.1% phenyl benzene- 
thiosulfinate. 


In order to evaluate the effectiveness of the various sulfur compounds as 
peroxide decomposers in an oxidizing medium, cumene was oxidized to a 
peroxide content of 6.5%, and the potential stabilizers were then added to 
the oxidizing mixture. Phenyl disulfide, as in the previous experiments, 
had no effect when first added to the reaction mixture indicating that it is 
not just the accumulation of peroxides, but that a reaction must occur to 
transform the disulfides into active antioxidants. Addition of phenyl 
benzenethiosulfinate immediately stabilized the reaction, and produced a 
slight expansion in gas volume. Sulfur reduced the oxidation rate slightly 
as soon as it was added, then completely inhibited the reaction with an 
accompanying expansion in gas volume (Tig. 2). 

Conventional antioxidants of the AH type, such as secondary amines or 
alkylated phenols, also inhibited oxidation of cumene containing several 
per cent of the hydroperoxide. A 6.5% solution of purified cumene hydro- 
peroxide in cumene was prepared, and 2,2’-methylene-bis(3-tert-butyl-5- 
methyl phenol) was added before oxidizing at 120°C. Oxidation stopped 
after 15 min. (Fig. 3), and the reaction was inhibited for about 3 hr. Fol- 
lowing this induction period the oxidation became autocatalytic and fin- 
ally reached a steady-state rate. During the induction period, the perox- 
ide content of the reaction mixture increased at a steady rate from the 
original 6.5%, and then at a much more rapid rate as the reaction proceeded 
through the autocatalytic stage. In contrast, addition of phenyl disulfide 
to this same peroxide solution did not inhibit the oxidation for the first 
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Fig. 3. Relationship between peroxide content and stabilization in cumene oxidizing 
at 120°C. with antioxidants added. 
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Fig. 4. The effect of sulfur compounds on the rate of decomposition of cumene hydro- 
peroxide at 100°C. 


30 min. of the oxidation, and the peroxide continued to increase rapidly. 
After 20 min., however, the reaction rate decreased abruptly, there was 
an increase in gas volume, and the peroxide content was reduced to 0.1%. 
Cumene hydroperoxide in cumene (5%) was decomposed at 100°C. 
to 90% completion in 15 days, and the products of this reaction were ana- 
lyzed by gas-liquid chromatography. The principal products in addition 
to cumene were acetone, phenol, acetophenone, and dicumyl, Decomposi- 
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tion in the presence of sulfur or disulfides yielded only phenol and acetone 
within the limits of the analysis. 

The effect of sulfur and a variety of organo-sulfur compounds on the de- 
composition rate of cumene hydroperoxide in cumene was determined in an 
inert atmosphere. The pure peroxide was prepared from the commercial 
product by first precipitating the sodium salt, and then liberating the perox- 
ide from the washed salt. The peroxide was finally distilled at reduced 
pressure yielding a product of 99.5% purity which was then dissolved in 
cumene to form a 5% solution. Decomposition of the 5% hydroperoxide 
in cumene under nitrogen is negligible at 100°C. in 4 hr. (Fig. 4). Thio- 
ethers, as exemplified by phenyl! sulfide, increase the rate only slightly, but 
addition of 1 mole of phenyl disulfide, per 3 moles of peroxide, after an in- 
duction period of about 1 hr., rapidly decomposes the peroxide to comple- 
tion within another 1/2 hr. An equivalent concentration of elemental sul- 
fur, (1S:3ROOH) although it did not dissolve completely in the reaction 
mixture, decomposed the peroxide so rapidly at this temperature that de- 
composition was essentially complete before a titration could be made. 
At 70°C., however, sulfur showed an induction period of about one hour 
followed by rapid decomposition. The relative effectiveness of several 
important sulfur compounds is summarized in Table I. 

TABLE I 


ROOH: Time to 90% 
Temp., S-Compound ROOH 
Compound °C. ratio decomposition, hr. 


Control 
Sulfur 100 
Pheny] benzenethiosulfinate 100 
Pheny] benzenethiolsulfonate 100 
Phenyl disulfide 100 
100 
100 
Octyl] disulfide 100 
Didodecy] disulfide 100 
Di-6-naphthyl disulfide 100 
Dilaury] thiodipropionate 100 
Sulfur dioxide 0 


100 360 
‘ 0. 
0.5 
1 


66.66 “ee 60 O68 @6 o@ 68 06 Ge ¢@ 
fm fk pf 





Discussion 


Sulfur compounds and elemental sulfur function as stabilizers through 
their ability to decompose hydroperoxides into nonradical products. 
Homolytic cleavage of these peroxides into radicals is responsible for chain 
branching in the propagation reactions. Peroxide decomposition would 
thus account for the inhibition of thermal oxidation by aryl and alkyl 
disulfides which contain no labile hydrogen. Thiobisphenols, a class of 
antioxidants which has attained considerable, commercial importance, may 
function both as radical terminators (AH antioxidants) and as peroxide 
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decomposers. However, thioethers in general are considerably less effec- 
tive than disulfides in peroxide decomposition, and the thiobisphenols prob- 
ably react primarily as radical terminators. Dilauryl thiodipropionate 
is a notable exception. This thioether compares favorably with disulfides 
as a peroxide decomposer, thus accounting for its effectiveness as a com- 
ponent in synergistic stabilizer systems, particularly in polypropylene ap- 
plications. 

Those organo-sulfur compounds which contain no labile hydrogen and 
hence function primarily as peroxide decomposers are not in themselves 
effective stabilizers. Both sulfur and disulfides are converted into an active 
stabilizer(s) in the initial stages of oxidation. Aryl disulfides and sulfur 
autooxidize slowly even at 140°C., but as suggested by Barnard et al.? 
they may be oxidized rapidly by peroxides formed from the oxidizing sub- 
strate. It seems apparent, however, that oxidation of disulfides to thiol- 
sulfinates is only the first of a series of reactions which leads eventually to 
formation of the active stabilizer(s). Aryl thiolsulfinates are unstable 
compounds. Phenyl benzenethiolsulfinate decomposes on heating with 
a rapid decomposition occurring at and above the melting point (70°C.). 
In addition to phenyl disulfide, phenyl benzenthiolsulfinate and phenyl sul- 
fide, a polymeric substance having the formula (C.H;S), and sulfur diox- 
ide are formed. Presence of sulfur dioxide among the decomposition prod- 
ucts was confirmed by mass spectrometry and by gas chromatography us- 
ing a silica gel column. Sulfur oxides would also be expected to form from 
the reaction of sulfur with peroxides. The role of sulfur dioxide in food 
stabilization has long been recognized. Decomposition of cumene hy- 
droperoxide in cumene (5%) takes place very rapidly in the presence of 
sulfur dioxide even at 0°C. Furthermore, the decomposition does not pro- 
ceed by a stoichiometric reaction. Reduction of the molar ratio of sulfur 
dioxide to peroxide from 1:3 to 1:30 has very little effect on the rate of de- 
composition although at the higher ratio the peroxide is not completely 
decomposed. A catalytic decomposition also occurs when disulfides react 
with cumene hydroperoxide. Ata molar ratio of phenyl disulfide to perox- 
ide of 1:6, decomposition is complete in 1'/2 hr. at 100°C., and yet gas— 
liquid chromatography of the reaction mixture shows no significant de- 
crease in the amount of disulfide present. Thus sulfur dioxide, formed 
directly and rapidly from thiolsulfinates or from elemental sulfur, may be an 
important active stabilizer functioning through peroxide decomposition. 
It would be formed only as oxidation is taking place and only as required to 
inhibit the oxidation. Furthermore, its catalytic action would account 
for the great effectiveness of these sulfur-containing stabilizers. The 
products of peroxide decomposition indicate that the reaction does not in- 
volve formation of radical products capable of further propagating the 
oxidation reaction. 

Phenyl benzenethiolsulfonate also inhibits thermal oxidation of cumene, 
but only after some oxidation has taken place, just as with sulfur and the 
disulfides. However, this thiolsulfonate is much more stable than the cor- 
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responding thiolsulfinate. At 140°C. the thiolsulfonate does not form a 
measurable amount of sulfur dioxide by thermal decomposition nor when 
reacted with an equimolecular amount of cumene hydroperoxide. How- 
ever, disulfides dissociate into thiyl radicals when heated. For example, 
when a mixture of 1 mole of phenyl disulfide and 2 moles of octyl disulfide 
is heated at 100°C. for 30 hr., about 75% of the phenyl! disulfide is con- 
verted to the mixed disulfide. Similarly, phenyl benzenethiosulfonate 
and octyl disulfide react at 100°C. to give an appreciable yield of phenyl 
octyl disulfide. Therefore, the dissociation of disulfides or their oxidation 
products, thiosulfonates or thiosulfinates, may lead to the formation of ac- 
tive (oxidized) products as follows: 


RSO.SR = RSO. + RS 


and 
RSOSR = RSO" + RS’ 


Reaction of the sulfonyl or sulfinyl radical with another mole of hydroperox- 
ide would then yield the corresponding sulfonic or sulfinic acid respectively. 
Both of these acids are effective stabilizers for cumene. 

The decomposition of cumene hydroperoxide by any of the acidic prod- 
ucts formed by peroxide oxidation of disulfides probably follows the reac- 
tion proposed by Hock and Lang’ and by Seubold and Vaughan* for the 
acid-catalyzed decomposition of peroxides: 


CH, 


CH; 
on : 
( )-$-00H + 90, — ¢ )-¢-08 + HOSO,° 
CH, CH, 
CH, C 


: 
fee 


eng 


CH; 


‘H. 
| oH 
( )-0-¢2 + HOSO, — (pH + C=0 + so, 


CH; CH, 


These reactions would account for the catalytic nature of the decomposition 
reaction and the products which are formed in the presence of sulfur and 
organo-sulfur compounds. 

In a preceding paper," it was shown that polyacenes and diphenoquinones 
function like carbon black in forming synergistic combinations with sulfur 
compounds. The combined effect of the two components of such systems 
could be the result of their interaction to form or regenerate an effective 
stabilizer, or they could function independently, each inhibiting oxidation 
at one stage in the reaction. A typical chain terminator, for example, 
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OXYGEN UPTAKE IN CC PER GRAM 


TIME IN HOURS 


Fig. 5. The effect of concentration on the ability of 2-naphthyl disulfide to stabilize 
polyethylene at 140°C. 


could suppress the formation of peroxides by reactions generally accepted 
for AH-type antioxidants. 


ROO) + AH—ROOH + A 


In these reactions, A’ is assumed to be incapable of propagating the oxida- 
tive chain, and the amount of peroxide formed is small. The second com- 
ponent, a peroxide decomposer such as a disulfide would then be very ef- 
fective in preventing this small amount of peroxide from decomposing into 
radical products. The effect of increasing the ratio of disulfide to peroxide 
formed is shown in Figure 5. The oxidation of polyethylene, which is not 
affected by 0.1% of naphthyl disulfide until oxidation has progressed to 
a considerable extent, is immediately inhibited by 0.3% of this disulfide. 
The same effect would be expected with 0.1% of naphthyl disulfide if the 
amount of peroxide is substantially reduced by an efficient radical ter- 
minator. 

Reactions are described in a preceding paper” in which it is evident that 
the phenolic components of synergistic combinations may be regenerated 
by reaction with the sulfur component. Diphenols function as typical 
labile hydrogen donors: 


R R R R 
wo {om + 200. — On: 
R R R R 


(where R is tert-butyl) 
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In the presence of mercaptans, added as the second component of the sta- 
bilizer system or generated from sulfides during oxidation, these dipheno- 
quinones could be converted back to the diphenols: 


R R R R 
0h (eo + — 1044 on 
R R R R 


which could function again as radical terminators. Synergism of sulfur- 
containing compounds with carbon black or one of its substitutes may be 
explained by a regenerative mechanism in which the sulfur component 
performs a dual role, reacting both as an effective (catalytic) decomposer of 
peroxides, and as a reducing agent to reverse the oxidation—reduction reac- 
tion and regenerate a phenol or an amine as the active chain terminator. 
This mechanism requires that the radical terminator be capable of existing 
as a reduced or oxidized form, and that the oxidation—reduction reaction 
be reversible, 
Chain termination of ROO 
A0 e A + I (an ROOH) 
Reduction by sulfur component 

If the two components of a synergistic combination function completely 
independently, then an effective chain terminator which does not undergo 
a reversible oxidation—reduction step should be just as effective in com- 
bination with sulfur compounds as carbon black. Antioxidants resembling 
carbon black in particle size with reactive groups on their surface have been 
synthesized® by adding polyfunctional phenols to the surface of SiO. 
particles. These nonblack antioxidants are effective stabilizers, but do not 
contain an unsaturated system as in carbon black. When 3% of an anti- 
oxidant of this type, which gives an induction period in polyethylene of 140 
hr., is combined with 0.1% of 2-naphthalenethiol with an induction period 


nN 
° 


(@) 3% CARBON BLACK 


(Db) 3% CARBON BLACK + 
0.1% 


(C) 3% SiOz COMPLEX 


(d) 3% SiOz COMPLEX + 
0.1% RSH 


OXYGEN UPTAKE IN CC PER GRAM 


100 200 300 400 500 600 
TIME IN HOURS 


Fig. 6. Synergistic antioxidant combinations as stabilizers for polyethylene at 140°C. 
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of less than 5 hr., a synergistic effect equivalent to 220 hr. results (Fig. 6). 
In contrast, 3% of a typical channel black in combination with the same 
amount of thiol inhibits polyethylene oxidation for over 2000 hr. with no 
evidence of autocatalysis.4 The combination of 2-naphthalenethiol and 
2,4,6-triisobutyl phenol, which does not form a diphenoquinone under these 
conditions, also is not synergistic. 

The synergism with combinations described in this and our previous com- 
munications is a very substantial effect. The simple explanation of two 
components reacting independently could account for systems showing a 
low order of synergism as in the SiO.-phenol and -thiol combination. In 
systems based on sulfur compounds with carbon black or its substitutes, 
however, the reaction is obviously more complex. If the radical termina- 
tor can be regenerated, this reaction should contribute to the high order 
of synergism shown by these combinations. Regeneration of an active 
chain terminator coupled with the catalytic decomposition of the small 
amounts of peroxide which form in the presence of the rejuvinated chain 
terminator appears to be the most logical mechanism to account for the 
high degree of synergism shown by combinations of sulfur compounds and 
carbon black. 
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Résumé 


L’ aptitude des disulfures de diaryle d’inhiber l’oxydation du polyéthyléne résulte de la 
formation d’un antioxydant a partir de ces additifs. Ce fait parait évident lorsqu’on 
considére |’inefficacité d’inhiber jusqu’ 4 ce qu une oxydation substantielle ait eu lieu. 
Le soufre élémentaire produit également un stabilisateur effectif lors d’une oxydation. 
On a suggéré que les thiolsulfinates étaient les produits actifs formés 4 partir des disul- 
fures. Cependant le phényl-benzéne-thiolsulfinate se décompose déja rapidement a 
son point de fusion (70°C.). La protection qu’il assume au cuméne & 120°C. dépasse de 
loin le temps pendant lequel la décomposition totale pourrait s’effectuer. A faible con- 
centration le phényl-benzénethiolsulfinate ne parvient pas non plus 4 inhiber avant que 
’oxydation ne soit suffisament avancée. La décomposition thermique produit du dioxyde 
de soufre 4 cété d’autres produits. Le soufre élémentaire et plusieurs composés 
organo-sulfurés étudiés réagissent comme stabilisateirs grace 4 leur possibilité de dé- 
composer les peroxydes. Le dioxyde de soufre est de loin |’agent de décomposition le 
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plus effectif des peroxydes. Il agit apparemment catalytiquement suivant un mécanisme 
ionique qui forme des produits qui ne propagent par l’oxydation. Le réle complé- 
mentaire des composés sulfurés 4 décomposer les peroxydes, et 4 régénérer des agents de 
terminaison de chaine dans des combinaisons antioxydantes peut rendre compte du 
degré de synergisme élevé obtenu avec ces composés. 


Zusammenfassung 


Die Fihigkeit von Diaryldisulfiden, die Polyiithylenoxydation zu inhibieren ist eine 
Folge der Bildung eines wirksamen Antioxydans aus diesen Verbindungen. Das ist an 
ihrer mangelnden Inhibitionsfihigkeit vor Eintritt einer ausreichenden Oxydation 
erkennbar. Auch elementarer Schwefel scheint mit fortschreitender Oxydation einen 
wirksameren Stabilisator zu bilden. Es wurde angenommen, dass die wirksamen, aus 
Disulfiden gebildeten Produkte, Thiolsulfinate sind. Obgleich sich aber Phenylbenzol- 
thiolsulfinat schon beim Schmelzpunkt (70°C.) rasch zersetzt, dauert doch seine Schutz- 
wirkung beim Zusatz zu Cumol bei 120°C. weitaus linger als der Zersetzungsdauer ent- 
spricht. Bei niedriger Konzentration liefert auch Phenylbenzolthiolsulfinat erst nach 
linger dauernder Oxydation eine Inhibierung. Die thermische Zersetzung von Phenyl- 
benzolthiolsulfinat liefert neben anderen Produkten Schwefeldioxyd. Elementarer 
Schwefel und die untersuchten organischen Schwefelverbindungen verdanken ihre 
Stabilisatoreigenschaft der Fahigkeit, Peroxyde zu zersetzen. Schwefeldioxdy ist in 
dieser Hinsicht am weitaus wirksamsten. Es wirkt offenbar durch einen katalytischen 
Ionenmechanismus unter Bildung von Produkten, welche die Oxydation nicht fortsetzen. 
Die zusitzliche Funktion von Schwefelverbindungen, Peroxyde zu zersetzen, kann im 
Verein mit ihrer Fihigkeit in Antioxydanskombinationen kettenabbrechende Stoffe zu 
regenerieren, den hohen Grad von Synergismus erkliren, der mit diesen Verbindungen 
erhalten wird. 


Received August 1, 1962 
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Preparation and Biological Application of Highly 


Substituted Cationic Derivatives of Polysaccharides 


JOHN W. WOOD* and PETER T. MORA, Laboratory of Chemical 
Pharmacology, National Cancer Institute, National Institutes of Health, 
Bethesda, Maryland 


Synopsis 


A general procedure is presented for the preparation of diethylaminohydroxylpropy] 
ethers of polysaccharides. This involves reaction between various ratios of 1-diethyl- 
amino-2,3-epoxypropane and the polysaccharide (amylose, amylopectin, dextran, and a 
chemically synthesized polygalactose) and concentrated aqueous solution of sodium 
carbonate. These ratios control the degree of substitution, and give as high as 1.4 
cationic groups per monosaccharide unit in the case of certain polysaccharides. The 
cationic polysaccharides possess high hemagglutinating activity which is proportional 
to the degree of substitution. Other biological applications are reviewed. 


INTRODUCTION 


In a previous publication’ we described the preparation of various 
cationic derivatives of polyglucose, including the synthesis of 3-diethyl- 
amino-2-(and-1)-hydroxy-1-(and-2)-propyl ethers of polyglucose in low 
to high degrees of substitution, (0.1-1.7 D.S./anhydroglucose unit). The 
synthesis of the latter derivatives, which involved heating the polysac- 
charide with 1-diethylamino-2,3-epoxypropane in concentrated aqueous 
solutions of sodium carbonate, was adapted from a reaction employed by 
Montégudet? for the preparation of the same basic ether of cellulose using 
the epoxyamine and alkali-cellulose. 

The intent of our current work is to show the general applicability of 
this method to prepare cationic polysaccharide derivatives with controlled 
substitution, up to high degrees of substitution (D.S.) with different de- 
grees of branching. This method! has been extended to the preparation 
of the diethylaminohydroxypropyl (DEAHYPRO) ethers of amylose, 
amylopectin, dextran, and polygalactose. 

The water-soluble fractions of these cationic polysaccharides were found 
to be active in certain biological systems. For example, the DEAHY PRO 
ethers of polyglucose were found in this laboratory* to block the antibody 


* John W. Wood died on April 16, 1963, after an illness of one year. His work on the 
synthetic polysaccharides was the basis or helpful adjunct of much work in this labora- 
tory as well as other laboratories throughout the world. His chemical skill and friendly 
personality will be missed by his co-workers at The National Cancer Institute. 
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against T2 bacteriophage in a reversible manner, similar to the effect‘ 
of other polycations (basic proteins and polypeptides). The same cationic 
derivative of polyglucose inactivated the tumor-damaging potency of a 
bacterial endotoxin, and also it was employed in the preparation of bio- 
logically active liver cell proteins.© Di Marco and his group found that 
the cationic polyglucose derivative agglutinated red blood cells, and in- 
hibited the growth of the influenza virus. We report below on similar 
hemagglutinating activity of various cationic polysaccharides. 


EXPERIMENTAL 


Preparation of Cationic Polysaccharides 


For the preparation of the various diethylaminohydroxypropyl] deriva- 
tives, reaction conditions and ratios of reactants which we thought would 
give maximum substitution, were chosen from previous experiments with 
polyglucose (see ref. 1, Table I, experiments V and IX). 

The various derivatives were prepared by heating the mixture of the 
indicated (cf. Table I) amounts of polysaccharide, of 1-diethylamino-2,3- 
epoxyamine, and of aqueous sodium carbonate. The mixture was gently 
refluxed in a round-bottomed flask which was equipped with reflux con- 
denser, thermometer, motor-driven stirrer, and was heated by means of an 
oil bath. At the end of the indicated reaction period the mixture was 
cooled to room temperature and it was added with rapid stirring to ten 
volumes of cold (ice bath) absolute ethanol. 

The alcohol-insoluble fraction precipitated and it was collected by cen- 
trifugation. Itwas freed of sodium carbonate and other low molecular weight 
impurities by dissolving it in water (or by dispersion, in the case of water 
insoluble fractions of the amylose and amylopectin derivatives) and by 
exhaustively dialyzing (in Visking cellophane against running distilled 
water for 24 hr.). Final recovery was effected by freeze-drying. This 
recovery procedure gave the water-insoluble derivatives of amylose, and 
the water-dispersible fraction of amylopectin, and the water-soluble but 
alcohol-insoluble fractions of dextran and of polygalactose. 

The supernatant after the alcohol precipitation was concentrated 
in vacuo. In most of the experiments it gave a dark reddish syrup, which 
upon being dissolved in water completely dialyzed out through the cello- 
phane. However, in the case of amylose and polygalactose, evaporation 
of the aleoholic supernatant and exhaustive dialysis of an aqueous solution 
of the resulting syrup (followed by freeze-drying of the dialyzed solution) 
gave a second fraction in good yield, which had a much higher degree of 
substitution than the alcohol-insoluble fraction. The alcohol-soluble 
fractions were also soluble in a 1:5 mixture of 90% ethanol-ethyl ether 
(ef. Table I). 


Hemagglutination Tests 


Guinea pig erythrocytes were prepared according to the method of 
Salk.’ Hemagglutination tests were carried out in Kahn tubes, using 0.5 
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ml. 0.4% erythrocyte suspension in phosphate (0.02) buffered saline 
(pH 7.2). To this was added 0.5 ml. of polycation solution in serial dilu- 
tion, using the same solvent. Readings were made according to the pattern 
method. The hemagglutination titer (HA titer) given is the lowest poly- 
cation concentration in the mixture which caused complete hemagglutina- 
tion (cf. Table II). Experiments were carried out both at room tempera- 
ture and at 4°C. 


TABLE II 
Hemagglutination by Various Cationic Polysaccharides 


HA titer, ug./ml. 





Cationic At room 
polysaccharides DS. At 4°C. temperature 
Dextran 0.04 >16 >16 
i 0.14 >16 >16 
y 0.95 16 4-8 
Polygalactose 0.3 16 8 
* Pd 2 1 
Polyglucose 0.01 4-8 2 


RESULTS AND DISCUSSION 


Chemical Properties 


The DEAHYPRO ethers of amylose, amylopectin, and polygalactose 
were obtained generally in the range of 1 to 1.4 D.S. (Table I). The 
maximum degree of substitution was not as high as that obtained previ- 
ously! in the case of polyglucose (1.7 D.S.). It is peculiar that DEA- 
HYPRO derivatives of dextran were generally low in substitution (0.04— 
0.14 D.S.), although in one experiment a small fraction was obtained with 
a fairly high degree of substitution (0.95 D.S.). It may be that more 
alkaline conditions, such as use of concentrated aqueous sodium hydroxide 
may have to be employed in the case of dextran, although we were re- 
luctant to do so because of the danger of hydrolytic breakdown of the 
polysaccharide. 

In general, no obvious correlation was evident between the degree of 
branching, the water solubility of the polysaccharide, and the ease of 
substitution (Table I). 

The solubilities of the DEAHYPRO derivatives increased in the non- 
aqueous solvents employed (90% ethanol, and 90% ethanol:ethyl ether 
mixtures, 1:5) as the degrees of substitution became greater. Use was 
made of this property in fractionating derivatives by degrees of substitu- 
tion, employing ethanol and ethyl ether as described for the same ethers 
of polyglucose.! 


Hemagglutinating Activity 


The hemagglutination titer of the various cationic polysaccharides 
tested is given in Table II. It can be seen that there was an increase in 
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hemagglutinating activity with increased cationic substitution of both the 
dextran and polygalactose derivatives, either at 4°C. or at room tem- 
perature. The most potent hemagglutinant was the most highly substi- 
tuted polygalactose derivative (HA titer 1 ug./ml., at room temperature). 
There was an increase in hemagglutination activity at room temperature, 
as compared to 4°C. 


Further Biological Applications 


Other applications of the highly substituted cationic derivatives may 
include fractionation of biological macromolecules in a partition system, 
where phase separation is achieved in the presence of water soluble poly- 
mers. Water-insoluble highly substituted DEAHYPRO derivatives of 
cellulose or other polysaccharides, which can be prepared by this method, 
may be useful in chromatography of biological macromolecules. The 
highly cationic polysaccharides may also serve in the purification of vi- 
ruses, for example of the polyoma murine cancer virus.° Further work 
on these lines will be reported from our laboratory. 


The hemagglutination tests were kindly carried vut by Dr. S. I. Oroszlan. We also 
thank C. Robinson and V. W. McFarland for technical assistance. 
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Résumé 


Un procédé général est présenté pour la préparation d’éthers diéthylaminohydroxy- 
propyliques de polysaccharides. Il comporte une réaction de divers rapports de 1- 
diéthyl-amino-2,3-époxypropane et de polysaccharide d’une part (amylose, amylopec- 
tine, dextrane, et un polygalactose synthétisé par voie chimique) avec une solution 
aqueuse concentrée de carbonate de sodium d’autre part. Ces rapports contrélent le 
degré de substitution, et permettent d’obtenir des teneurs s’élévant jusqu’é 1.4 groupes 
cationiques par unité monosaccharidique dans le cas de certains polysaccharides. Un 
dérivé polyglucosé a été employé pour la précipitation fractionnée d’un polyanion biolo- 
giquement actif. 
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Zusammenfassung 


Es wird ein allgemeines Verfahren zur Herstellung von Polysaccharid-Diaithylamino- 
hydroxypropylithern durch Reaktion von 1-Diithylamino-2,3-epoxypropan und dem 
Polysaccharid (Amylose, Amylopektin, Dextran und eine synthetische Polygalaktose) 
in verschiedenen Mengenverhiltnissen mit konzentrierter Natriumcarbonatlésung be- 
schrieben. Diese Mengenverhiiltnisse bestimmen das Ausmass der Substitution, u.zw. 
werden im Falle gewisser Polysaccharide bis zu 1,4 kationische Gruppen pro Monosac- 
charideinheit eingefiihrt. Die kationischen Polysaccharide besitzen eine hohe, dem 
Grade der Substitution proportionale himagglutinierende Wirkung. Es werden noch 
weitere biologische Anwendungsmdéglichkeiten beschrieben. 
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Analytical Chemistry of Polymers, Vol. XII, Part Il. G.M. Kurz, Ed., 
Interscience Publishers, New York, 1962. xiii + 619 pp. $17.50. 


The rapid growth of the polymer field to encompass an ever increasing number of new 
materials and modifications of old materials has emphasized the need for a suitable 
organized presentation of analytical techniques useful in the determination of molecular 
structure and composition. This need has further been pointed up by the quite sophis- 
ticated structural changes that have become almost commonplace in commercial 
polymers. One need only consider the host of polyolefin products which are currently 
available and whose properties depend almost entirely on the molecular structure and 
the molecular weight distribution. 

This need has been well met by the volume on “Analysis of Molecular Structure and 
Chemical Groups.’’ This is Part II of the Analytical Chemistry of Polymers series 
edited by Dr. Gordon M. Kline of the National Bureau of Standards. 

It is indeed a tribute to the organization of the National Bureau of Standards that 
all of the important aspects of the field are included in the book and each has been pre- 
pared by a member or former member of the scientific staff of the Bureau. The volume 
includes chapters on such diverse fields as molecular weights, optical techniques, x-ray 
diffraction, ultra violet and infrared spectrophotometry, magnetic resonance spectros- 
copy, fluorescence, pyrolysis, differential thermal analysis, chromatography, polarog- 
raphy, and mass spectrometry. The individual authors have succeeded in presenting 
a capsule view of their respective field and its application in polymer analysis. For the 
most part, the fundamentals and theory of each technique are presented and details of 
use and application are given. Each chapter is well referenced and should provide an 
excellent starting point for the serious polymer characterization worker who is seeking 
to become familiar with new techniques. 

The book may be equally useful to the polymer chemist who would like a reference 
text which contains a review of current characterization practices. 

This is indeed a welcome and useful addition to the literature on polymer science. 


H. 8. Kaufman 


Allied Chemical Corp. 
Morristown, New Jersey 


Physical Properties of Polymers, I. Burcun, Interscience, New York, 
1962. x + 354 pp. $9.50. 

Mechanical Properties of Polymers, .. EK. Nietsen, Rheinhold, New 
York, 1962. 284 pp. $11.00. 


These two books are a welcome addition to the literature of polymer physics in which 
the principal problem has been the rapid antiquation of published material. While the 
subjects of the books are very similar, the treatments differ, and there is very little over- 
lap. 
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Bueche’s book is concerned largely with a theoretical approach to the understanding 
of the behavior of polymeric molecules in the solid state. Only one of the twelve chapters 
concerns solution properties. One chapter is devoted to the general statistical distribu- 
tion of polymer molecules and the remainder cover aspects of mechanical properties 
such as rubber elasticity, glass temperature, dynamic mechanical behavior, viscoelastic- 
ity, and crystallinity. 

As is pointed out in the preface, the presentation is aimed toward the novice lacking 
prior familiarity with polymer physics. It is essential, however, that the reader have 
good training in physical chemistry and preferably some acquaintance with statistical 
mechanics. The qualitative aspects of the mathematical analysis is emphasized, per- 
haps to too great an extent. Much of the theoretical development follows that of 
Bueche’s extensive papers. Many of the readers of these have hoped that some of the 
more difficult-to-understand aspects of these papers would be clarified in this book. 
Unfortunately, this is not done and the reader is asked to accept more of these on faith 
in the book than in the original papers. While this may leave those favoring a rigorous 
approach dissatisfied, it may have the desirable result of inspiring them to pursue the 
subject further. The palatability and results obtained in intuitive derivations are some- 
what subjective and dependent upon whether one’s intuition is ‘in tune’ with that of 
the writer. The reviewer finds Bueche’s intuition very good and his arguments convinc- 
ing. This book offers an excellent illustration of the approach of an outstanding contrib- 
utor to polymer physics which is both inspiring to the young student and enlightening 
to the experienced scientist. 

While the book, by intention, is somewhat lacking in descriptions of experiments and 
in illustrative data, it does have a good set of problems at the end of each chapter which 
will permit the student to test his ability to apply numerically and uge the results of 
theory as well as apply the qualitative reasoning processes to new situations. 

Nielsen’s book is quite different from Bueche’s in that it is quite conservative theoreti- 
cally, giving only the final practical equations without observation, but it is excellent in 
its critical discussion of experimental techniques and illustrative data. While the active 
worker will want both books in his library, this one will appeal more to the industrial 
polymer physicist or chemist. 

This book has a wealth of information about polymers excellently summarized in 
well organized tables with abundant references to pertinent literature. The reader 
profits from the extensive experience of Nielsen with his well thoughtout generalizations 
from these data, and his discussions of their relationships to molecular structure and 
polymer composition. 

Various means of testing polymers are considered from a fundamental point of view, 
and a good discussion of interpretation, limitation, and interrelationship of these methods 
is offered. There is a much needed discussion of properties such as impact strength, 
hardness and heat distortion tests, fatigue behavior and mechanical properties, so im- 
portant to the industrial laboratory, in addition to the more common creep, stress- 
relaxation, and dynamic behavior adequately treated elsewhere. A welcome inclusion 
are the chapters on “Interrelations between the Various Properties’ and ‘Effects of 
Orientation and Thermal Treatments on Mechanical Properties.” 

The reader of Nielsen’s book need not have as an extensive theoretical background 
as that of Bueche’s. It is written to fit the needs of the industrial scientist, the design 
engineer, and the fabricator as well as the research scientist. In a sense, Nielsen’s 
approach is also intuitive but his emphasis is upon deductive rather than inductive 
logic. The research scientist will not be discouraged by the practical orientation of this 
book. He will find that it calls his attention to many unanswered questions on which 
there is need for theoretical analysis. 


R. S. Stein 


Polymer Research Institute 
University of Massachusetts 
Amherst, Mass. 
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of the growth and structure of isolated single crystals from solution and melt— ~~ 
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